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Abstract
Sick building syndrome, in which the victims feel dizzy, fatigued and nauseous is caused from the 
accumulation of indoor air contaminants such as volatile organic compounds (VOCs). Photocataiytic 
paints are an aesthetic approach for the reduction of such compounds via pollutant breakdown. The 
key constituent is titanium dioxide. Studies have shown, however, that incorporation of unmodified 
nanoparticulate TiO] into paints causes him breakdown and VOC release. In this work the synthesis 
of asymmetric titanium dioxide particles whereby one half is coated with silica, via simple wet chem­
ical techniques was investigated. Polystyrene micro- and nanospheres, and the novel use of carbon 
microspheres were used as sacrificial templates. The inner titania layer and outer silica layer were 
deposited onto the templates through hydrolysis and condensation of the relative precursors. The tem­
plates exhibiting the double coating were then removed via thermal degradation, leaving double shell 
hollow inorganic spheres with an inner layer comprising of crystalline titania and the outer shell com- 
posed from amorphous silica. To form asymmetric particles these hollow spheres were then ruptured 
using sonication and ball-milling. The polystyrene microspheres were successful at producing asym­
metric platelets by simply crushing the hollow inorganic spheres after template removal. The majority 
of the double shell hollow inorganic spheres produced from polystyrene nanospheres remained intact 
and were too small to rupture using ball-milling. Platelets were therefore not produced. Carbon micro­
spheres were not fully decomposed at the temperatures chosen and a mixture of asymmetric platelets 
and whole spheres were formed. Glass microsphcrcs were implemented as a non-sacrificial template 
to investigate greener routes into asymmetric platelet production. Three methods were investigated in 
terms of their ability to remove the silica-titania double coating producing asymmetric platelets, leav­
ing the glass microspheres intact ready for reuse. Sonication produced colloidal dispersions of TiO] 
and SiO] nanoparticles but did however leave the surface of the spheres clean. Ball-milling not only 
removed the coating but also smashed the glass-spheres into smaller pieces rendering them obsolete. 
Heating the coated glass microspheres and then rapidly cooling them did not remove the coatings at all.
The photocataiytic activity of the samples produced from each sacrificial template towards toluene 
breakdown was investigated using a glass-plate photoreactor with online residual gas analysis. The 
samples were deposited in both powdered form, and dispersed in polyvinyl acetate which acted as 
a mock paint film. The intact double-shell hollow inorganic microspheres showed no photocataiytic 
activity. However when these were crushed into asymmetric platelets the partial pressure of carbon 
dioxide rose and fell when the light was switched on and off respectively, indicating these asymmetric 
platelets exhibited photocataiytic activity due to exposure of the crystalline titania layer to toluene.
11
Abbreviations
CB = conduction band 
c = velocity of light 
d = diameter
DLS = dynamic light scattering 
DSSC(s) = Dye-sensitised solar cell(s) 
e = electron
EDX = energy dispersive X-ray analysis
Eg = band-gap
h = Plancks constant
h+ = hole
A = wavelength
PVAc = polyvinyl acetate
SEM = scanning electron microscopy
Si02 = Silicon dioxide (silica)
Si0 2 -Ti0 2  = double shell coating on a template whereby titania is deposited hrst, fol­
lowed by silica.
Ti0 2 -Si0 2  = double shell coating whereby silica is deposited hrst, followed by titania.
TBOT = titanium tetrabutoxide
TEM = Transmission electron microscopy
TEOS = tetraethyl orthosilicate
TGA = Thermogravimetric analysis
Ti0 2  = titanium dioxide (titania)
UV = ultraviolet
UV-vis = ultraviolet - visible spectroscopy 
XPS = X-ray photoelectron spectroscopy 
XRD = X-ray diffraction
V = light frequency
VOC(s) = volatile organic compound(s)
VB = Valence band
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Chapter 1
General Introduction
The concern with global warming has led to increased research into new means of 
reducing the population's carbon footprint. Volatile organic compounds (VOCs), such 
as toluene, butyl acetate and hexanal, are toxic molecules present in the atmosphere. 
VOCs are emitted from household products such as floor cleaners, air fresheners and 
paints [1]. With the development of ofhce buildings, gymnasiums and large shopping 
complexes, most of the western population spend large quantities of their time indoors, 
whether it be at work, home or during leisure activities. Sick building syndrome (SBS) 
is used to describe occupants of a building who experience health effects which ap­
pear to be linked to time spent in that building. Symptoms include fatigue, nausea, 
headache, eye nose and throat irritation, shortness of breath, loss of concentration, 
skin irritation and dizziness. It is indicative of SBS that the symptoms are relieved 
upon leaving the building. Volatile organic compounds which are emitted from adhe- 
sives, carpeting, copy machines and upholstery make up the bulk of indoor chemical 
contaminants that lead to symptoms of SBS [1-3]. Greater ventilation allows for bet­
ter air exchange between the indoor and outdoor environments but does not necessarily 
reduce the concentration of VOCs that the office workers are being exposed to. Ab­
sorbents such as activated carbon can be used in the ventilation systems, but must be 
routinely replaced due to saturation [1,4]. Photocatalysis, the activation of a catalytic 
species via illumination with electromagnetic radiation can remediate poor indoor air 
quality by complete breakdown of indoor air pollutants into CO] and H ]0. Titanium 
dioxide (titania, TiO]) is present abundantly in nature, inexpensive to make, chemi­
cally stable and non-toxic, making it an ideal compound for indoor and commercial 
applications [5]. Fujishima and Honda successfully cleaved water into H] and O] at a 
TiO] electrode with ultraviolet (UV) light illumination [6]. This has since pioneered a 
wide range of photocataiytic oxidation applications for the removal of pollutants using 
TiO] including the purification of waterways [7] and air [8], and with self-cleaning 
surfaces [9].
1.1 Introduction to Titanium Dioxide
The three most commonly encountered phases of crystalline titanium dioxide are anatase, 
brookitc and rutile. Although other phases are formed at extremely high temperatures 
and pressures, with respect to photocatalysis anatase and rutile are the most relevant 
and this work will focus on these two phases only [10-12]. The rutile phase is the 
most thermodynamically stable and bulk anatase to rutile complete conversion usually 
occurs at temperatures above 1188 K [13]. TiO] is built from octahedral Ti06^^ units, 
the phase of which is dependent on the number of comers and edges shared between 
neighbouring units. Figure 1.1 (a) and (b) depict the different arrangements of these 
octahedra that form the unit cells of anatase and rutile. In anatase the arrangement 
of the basic octahedral building blocks, which share four edges, leads to an elongated 
tetragonal unit cell with parameters a=b= 3.782 À and c= 9.502 A. The TiO^" octa­
hedra in rutile share two edges and comers, resulting in different tetragonal unit cell 
parameters; a=b= 4.584 À and c= 2.953 À [10]. The most thermodynamically stable 
crystal face of anatase is the cormgated (101) plane [5,10,14] and is shown in Figure
1.1 (c), from a side and top-down view [10]. This surface is constmcted from titanium 
atoms with five and sixfold coordination at the terraces of the cormgation, with four- 
coordinate Ti atoms found at the step edges. Bridging two-coordinate oxygen atoms 
are found at the peaks of the cormgations [10]. The most thermally stable crystal face 
for mtile is (110) with rows of bridging oxygen each connected to just two Ti atoms 
that exhibit sixfold coordination. Running parallel and altemating with these oxygens 
is a row of 5-coordinate Ti atoms, as shown in Figure 1.1 (d) [5]. At the surface of 
TiO] 2-fold and 3-fold coordinated oxygen vacancies are present [15,16].
Sol-gel synthesis, a simple wet chemical technique which employs hydrolysis and 
condensation reactions of a precursor is widely used in the preparation of nanopartic­
ulate TiO] [21]. Typically an alkoxide such as titanium tetrabutoxide (TBOT) is used 
which reacts rapidly with water forming TiO] nuclei (see Equations 1.1 - 1.3 [21,22]). 
By controlling certain reaction conditions, the particle dynamics can be tuned to give 
the desired size, shape and chemical phase [12,23-28]. One example of this is the 
variation in particle morphology as the concentration of a stabilising agent (tétraméthy­
lammonium hydroxide, TMAOH) was increased [23]. As the TBOT to TMAOH ratio 
was lowered, particles changed from triangular to hexagonal to spherical. It was sug- 
gested that with different TMAOH concentrations, the tétraméthylammonium cation 
stabilises the nanoparticle surface. This spatially inhibits crystallite growth in certain 
directions therefore modifying particle shape.
n ( 0 /? ) 4 - k 7 /2 0 ^ n ( 0 / ( ) 3 - 0 7 f  +  m /7  (1.1)
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Figure 1.1: Edge and corner sharing between TiO  ^ octahedra in the unit cell of 
anatase (a) and rutile (b). The most thermodynamically stable crystal face for anatase 
(c) and rutile (d) are also shown [5,10,17-20].
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Ti(OR) 3  -  0H  +  n (0R )3  -  OH ^  (0 ^ )3 7 % -  O -  n (0R )3  + H 2 O ^  (13)
^  (0R)3H -  O -  n(OR)2 -  OH +  ROH
(0 R)3 Tf -  o  -  n ( 0 R) 2  -  0 H + n ( o R ) 4  ( i .4 )
^  (0R )3n  -  O -  n (0 /? ) -  O -  n (0R )3  +  ROH .yo OM
L6a<7mg fo HO — T( — O — Tf — O — Tf — O — Tf — O — gfc
OvemnRgocfioM: Tf(0R)4 +  2 H 2 0 ^ T i0 2 4 -4 R 0 H  (1.5)
wAgrg OR =  JwcA aj^  (0 C/^CH2 CH2 CH3 )
TiO] has a large refractive index of 2.55 and 2.71 for anatase and rutile respectively 
[13,29]. This means that the velocity of visible light is 2.55 and 2.71 times faster in 
a vacuum than in anatase and rutile respectively. This change in velocity when light 
waves encounter a TiO] particle results in a large deviation in their pathway, providing 
TiO] with excellent light scattering properties. At diameters (d) between 200 and 
400 nm, TiO] particles are bright white in appearance due to the elastic scattering of 
all wavelengths in the visible region to approximately the same degree [30]. These 
bright white particles are thoroughly exploited by the pigment industry, and can be 
found ubiquitously in plastics, paper, sun creams, cosmetics, foodstuffs and paints 
[5]. Not only does TiO] exhibit this excellent white pigment characteristic, but under 
the illumination of ultraviolet light, particles can become catalytically active. This is 
known as photocatalysis [5,30-32], and is described in detail in the following section.
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1.2 Photocatalysis and the Titanium Dioxide Surface
Whether in the form of a single crystal or finely divided powder, titanium dioxide is 
considered to be a wide band-gap (Eg) semiconductor. Single crystal anatase and rutile 
bulk phases exhibit band-gap energies of 3.20 and 3.02 eV respectively, leading to 
maximum wavelength absorptions of 384 and 410 nm [5,31]. Figure 1.2 demonstrates 
the photocataiytic processes that occur in a TiO] particle when illuminated by light 
with energy equal to or greater than the band-gap. Charge carriers are generated when 
electrons (e") are promoted from the valence band (VB) to the conduction band (CB), 
leaving positive holes (h^) in VB, by UV light absorption (step A), 7/02 + ^  
Ayg 4- Once generated the charge carriers can follow four pathways given by 
steps B to E in Figure 1.2. Heat is generated when the electron hole pairs recombine, 
this can occur at both the site of generation (B) in the bulk of the particle, and at 
the surface (C). However, if the charge carriers successfully separate, they are able to 
migrate to different areas of the surface where they become trapped, and can react with 
electron and hole acceptors (steps D and E respectively). Steps A, D and E are critical 
to successful photocatalysis, whereas steps B and C reduce catalytic activity [5].
Ultraviolet 
light 
(À S Eg)
(D)
Figure 1.2: ggngmffOM (.yrgp A) m
a 7f02 parffc/g, w/fmvmZef Z/gAf (UV) fZZw/MmahoM wfr/z (A) < fAg
% ). Seg ybr a (/efafW (fgJcnphoM.
At the surface, e" are trapped at Ti'*^  sites, producing Ti^  ^ cations. If these are five­
fold coordinate then molecular oxygen can adsorb and further react with the trapped 
electron, enhancing charge-carrier separation. This process forms superoxide radicals 
(equation 1.6) [5]. States at 0.4,0.5,0.64 and 0.86 eV below the conduction band-edge
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have been associated with surface oxygen vacancy defects, where electrons can also be 
trapped and transferred to an adsorbed acceptor molecule like 0% [33]. Deeply trapped 
holes exist at the surface of TiO], the exact nature of this state is unknown but has 
been postulated to be in the form of various species including surface oxygen radicals 
from the reaction of basic surface hydroxyls (Ti -  O/f +  A+ —^ Tf — O +  JT+). The 
presence of water at the surface of an illuminated Ti0 2  particle can lead to hydroxyl 
radical formation via reaction with the photogenerated hole (equation 1.7). [5,34-36]
g - +  0 2 -^ D 2  (1.6)
h + + H 2 0 - > H O  +  H+ (1.7)
The hydroxyl radical, and the surface trapped photogenerated hole are thought to play 
important roles in the photocataiytic oxidation reactions of organic pollutant molecules 
physisorbed at the titania surface (see equations 1.8 and 1.9). The intermediate species 
are dependant on the organic molecule (RH) itself, which is only completely broken 
down into carbon dioxide and water in an ideal situation. Benzyl alcohol, benzalde- 
hyde and benzoic acid for example are the most predominant intermediates found to be 
strongly adsorbed onto the catalyst surface during photocataiytic oxidation of gaseous 
toluene over thin hlms of titania [37-39].
R 7 7  4 -  m f g n M g ü f z a r g  j p g c / g j  —  ^ C O 2 +  7 ( 2 0  ( 1 . 8 )
R7/2 +  A+ R77+ ^  R77 +  77+ ^  .ypgc/gj ^  CO2  +  772<9 (1.9)
The superoxide radical is thought to be less important in the actual oxidation of 
organics, but rather is involved in the production of other reactive molecules. Equations
1.10 and 1.11 show a few pathways in which physisorbed oxygen and the superoxide
radical can produce other reactive species [5,40]. Hydrogen peroxide is generated by 
both of these pathways, which then leads to further reactive species such as HO and 
HO" (equation 1.12) or can be reduced to form water (equation 1.13).
O2 +  26" +  277+ - ,  772 O2  (1.10)
2 O2" +277+^772(92 (1.11)
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77202 +  ^" ^ 7 7 0  +770" (1.12)
772^2 +  26" +  277+ ^  2772(9 (1.13)
The time-scales for charge-carrier generation in a titania particle illuminated with supra 
band-gap light and the various proceeding steps are displayed in Figure 1.3 taken 
from [5]. One can see that the eiectron-hole pair is formed within femtoseconds after
photon absorption. In a nanoporous UO 2 film h+ have been found to be trapped within
200 fs of formation, and e" within 150 fs. The range of times over which oxidation 
reactions occur via trapped holes have been found to be dependant on the state of the 
photocatalyst and the pollutant used. Tamaki found that on nanoporous Ti02 film the 
charge-transfer for methanol oxidation occurred within 300 ps, whereas 2-propanol 
was oxidised within 3 ns using femtosecond transient absorption spectroscopy [41]. 
Yoshihara found that electrons were trapped by adsorbed oxygen within 100 ns on 
nanoporous Ti02 using transient absorption spectroscopy [42]. In air it was foimd that 
charge-recombination can take up to 1 /ts on nanoporous Ti02 hlms [42]. Although 
these studies have been carried out on various samples using different pollutants, the 
important points are portrayed by the slow charge-recombination processes compared 
to fast electron and hole trapping.
This catalytic phenomenon can be applied to a variety of situations whereby Ti02 is 
used to remove pollution from the environment. Titania-coated glass beads have al­
ready been implemented as suspensions to control the growth of algae in water using 
sunlight [43]. There have also been many studies into the efficiency of Ti02 for the 
removal of indoor air contaminants [1,4,44,45]. The following section aims to sum­
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marise the methodology of achieving the most photocatalytically active form of TiOi.
1.3 Optimising the Activity of Titanium Dioxide
There are many key factors that contribute to the photoactivity of Ti02, all of which 
have been thoroughly investigated in the literature. Whether Ti02 is in powdered form, 
presented as a him, single or mixed phase, it seems there is no clear answer in produc­
ing the most active form of this interesting compound. Therefore, as a comparison base 
we can consider a highly abundant form of Ti02 that is produced by Evonik Industries 
and goes by the trade name Aeroxide, or better known as P25. P25 is a bright white, 
low density mixed-phase nanoparticulate form of Ti0 2  with average particle diame­
ters of 30 nm (see Figure 1.4). P25 is typically known for its excellent photocataiytic 
achvity, and is regarded as being one of most superior forms of Ti0 2  for pollutant 
degradation. It is therefore used as a standard for comparison against newly synthe­
sised Ti02 throughout the research community. Although rutile's band-gap extends 
into the visible region its catalytic activity is dwarfed by that of anatase [46]. This is 
due to rutile showing a lower ability to adsorb oxygen, thought to originate from its 
higher crystallinity with less structural defects like oxygen vacancies, which could act 
as oxygen adsorption sites [47]. Oxygen adsorption is important for electron trapping, 
aiding in charge-carrier separation and increasing their lifetimes, which are therefore 
shortened in rutile [46-48]. Although the photocataiytic activity of anatase is higher 
than that of rutile, the mixed-phase system of P25 is thought to be superior in activity 
compared to a single anatase phase sample. Hurum gr oZ. proposed that this sample 
comprises various-sized aggregates consisting of different proportions of anatase and 
rutile clusters [49]. Within these clusters, electron-hole pairs are formed in the rutile 
phase. The electron present in rutile's conduction band moves to the anatase crystal­
lites where it is trapped approximately 0.8 eV below the conduction band, hence aiding 
separation [32,49]. The presence of rutile in mixed-phases allows these samples to ex­
hibit visible light absorbing characteristics, giving P25 activity under a wider range of 
wavelengths (A < 4 1 0  nm) than single-anatase samples (A= <384 nm) [49].
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mFigure 1.4: Transmission electron micrograph ofP25 obtained from [50].
In terms of newly synthesised Ti02 a great deal of research has been carried out to 
investigate the effects of particle size, crystallinity and crystal phase, powder vj film 
form, and particle shape on the efficiency of removing organic pollutants from liquid 
and gaseous systems [25,30,31,46,51-56]. To fully understand each of these effects 
one must perform catalytic tests with identical conditions with variation of one char­
acteristic of the TiÛ2 sample in question. Therefore comparing results from different 
research groups can give conflicting answers regarding optimum particle dynamics. 
However one can build a general understanding of the role that these characteristics 
play. For example, a mixed-phase Ti02 powder consisting of 79-98 % anatase and the 
rest being rutile exhibited higher photocataiytic activity towards aqueous phenol and 
methanol degradation than P25 [54]. Balazs and co-workers found these higher activity 
samples had particles predominantly exhibiting faceted (cubic or hexagonal) morphol­
ogy, whereas those with lower activity were spherical. This demonstrates how mor­
phology can play a role in photocataiytic efficiency in aqueous systems. It was postu­
lated that the superior catalytic activity of the faceted particles in phenol and methanol 
decomposition could be governed by the density of recombination sites which is de­
pendant on the crystal face, or due to the O2 adsorption capacities related to different 
surfaces [54]. Particle size has been shown to play an important role in governing the 
photocataiytic activity of Ti02- As particle sizes decrease, surface areas increase aiding 
greater catalytic activity [31]. Reduced particle sizes also contributes to suppression 
of charge-carrier recombination. Less bulk for electrons and holes to move through 
means they reach the particle surfaces quicker [31]. Maira et a l  investigated the effect 
of primary particle size in powders on the gas-phase photo-oxidation of trichlorethy- 
lene [53]. Sol-gel was used to prepare amorphous Ti02, and through controlled ther-
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mal treatments pure anatase particles were produced with diameters ranging from 2.3 
to 30 nm. As primary particle sizes increased up to 7 nm so did the photoactivity. This 
is most likely due to increase in crystallinity of the particles, reducing the number of 
defect sites and therefore recombination sites. Above this diameter however, reduction 
in total surface area became the dominant limitation causing decreasing photocataiytic 
activity [53]. Both Fallet 6f aZ. and Yu aZ. demonstrated the effect of calcination 
temperature on the physico-structural properties of TiO] films [25,57]. In both cases 
sol-gel derived Ti0 2  was deposited on substrates, one by spin coating on to silicon 
wafers [25] and the other by dip-coating using a fused quartz substrate [57]. As a gen­
eral trend crystalline size, and degree of crystallinity increased on increased annealing 
temperature, also found elsewhere in the literature [51-53]. In the aqueous system [25] 
an optimum him thickness to porosity ratio was achieved at 600 °C. Increasing film 
thickness showed increased photoactivity, resulting from the larger number of Ti0 2  
particles present in the film able to interact with malic acid molecules. When the poros- 
ity was too high, photogenerated charge-carriers were unable to be transferred between 
the particles, becoming localised and therefore more easily recombined [25]. Anneal- 
ing at 700 °C, Yu et al. found maximum rates for gaseous acetone photooxidation due 
to the presence of both anatase and rutile phases. The thin films were mesoporous 
with rough surface structure giving large surface areas for pollutant molecules to in- 
teract with active sites [57]. A common feature in the literature is a general trend that 
a mixed-phase system with a large anatase ; rutile ratio (70 ; 30) and small primary 
particle sizes (maximum diameters of approximately 30 nm) are considered to exhibit 
higher catalytic activity than single phase-large particular systems.
1.4 Introduction to Photocataiytic Paints
In the early 1900s it was noticed that titania-based paints suffered from the so called 
"chalking" effect in which a white powdery non-adhering substance would appear on 
the surface of the paint after exposure to strong sunlight. It was understood that this oc­
curred due to the presence of "titanium white" which becomes photosensitised, some­
how causing the paint him to breakdown. This prompted Goodeve and Kitchener in 
1938 to carry out an excellent study on the fading effect of Ti02 on Chlorazol Sky 
Blue FF dye, by exposing a mixture of the two to a mercury arc. After only five 
minutes a large degree of fading was noticed, compared to no change in dye colour 
after two hours of exposure when adsorbed on barium sulphate [58]. At this time 
controlled chalking was acceptable, and various grades of anatase and rutile pigments 
were made available to the paint industry, which exhibited differing degrees of chalk­
ing resistance. In 1949 Jacobsen set out to show that the chalking of paints was due
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to the photochemical reactivity of the titania pigment on the paint film itself. This was 
done by mixing the pigment in various media such as mandelic acid, glycerol, mineral 
oil, and alkyl paint, into a paste and recording the reflectance after varying times of 
light exposure [59]. He concluded that a cyclic reduction and oxidation mechanism 
of the titanium dioxide pigment occurs, which causes disintegration of the organic 
binder that is non-reversible [59]. This chalking effect and the proposed mechanism 
by which it takes place sparked great interest in titanium dioxide and its apparent pho­
tochemistry. This lead to a great scientific breakthrough in 1972 in which Fujishima 
and Honda discovered the photolytic splitting of water into hydrogen and oxygen at 
a TiO] electrode [6]. This then pioneered great prospects for Ti02 due to its pho­
tocataiytic activity, and there has been much focus on the use of this compound for 
environmental applications such as the cleaning of waterways and air vZa pollutant 
molecule degradation [5,7,8,30,31,40]. Paints were traditionally developed to protect 
our industrial environment from weathering and erosion, and of course for decorative 
purposes. However due to increased time spent indoors new types of paint are being 
launched as indoor air purifiers:
‘ S^to develops photocataiytic air purifying coatings. Sto AG of Germany is formu-
a caraZyjr r/zar ca/z (Zowzz oz^azzzc .yzzZzjra/zcg.^  zzz^ o azz<7 carTzozz zJzoxzùfg wzr/z 
r /z6  / z 6 / p  w /z z f 6  p z g m g z z f f  azzüZ Z zg/zr a z z g r g y .  7 7 z 6  c o ü ir z z z g j  c a z z  6 /z z z z z z za f6
o z Z o z z r j , ^ z T z z a W g /z y ù f g ,  o r  o m m o / z z a y r o z z z  r /z 6  o z r  7 7 z 6  z z 6 w  p r o ü Z z z c r  z j  p Z o /z z z g ^ Z ^ r  z z z fr o -  
duction under the Sto-Color Climasan name in 2004” [60].
‘‘Ogino introduces photocataiytic odour removing paint fo r  interiors. Ogino 
Azzzzr /zoj Z?6gzz/z zzzar/cgrzzzg z/z Topozz o wofgr-Zzorzzg /z/zorocofoZyrzc o^ Zozzr-rgzzzovzzzg 
/zazzzr^r zMfgrzor zzf6.y, coZ/gaf .5roC/zzzzo.yo/zCo/or 6y Ggrzzzozz cozzzpozzy 5"ro
AG, ^ZoC/zzzzofozzCo/or zj zAg j^ r^ f pAofocYzroZyrzc pozzzr zzz Vopozz zAof cozz Ag zzjgzZ zzz 
zzzfgrzor orgo.; wzfA ^ zzjf zzz^ Zoor zZZzzzzzzzzorzozz azzùZ zzo zzZtrovzo/gf rozJzofzozz gxpojzzrg. 77z6 
pozzzf /zof 6Z j^ pgczoZ zzzgzi66/z6zzr T/zor oZZowj zfj rzrozzzzzzzz 6Zzoxz(/6 ro Ag acAvoreüf Ay /zgAr 
zzz rAg vz^ yzAZe .ypectrzzzzz rgZeo^ yed Ay trazZztzozzaZ ZzgAtzzzg e^ zzzpzzzgzzt. Ggzzzo AoZzZ.; tAg 
6xcZzzfzv6 WZzzzg rzgArf ro 5"foCZzzzzojazzCoZor zzz Tapozz" [61].
‘^Keim Peinture launches first inorganic paint with photocataiytic effect. Keim 
Pgzzzrzzr6J zj rAe ozzZy zzzozzzz^ crzzrer zzz Ezzzopa wAzcA zzzoAgj ozzZy zzzozgazzzc /?6zzzz^ & 7zz 
2007 Æ6ZZZZ zj ZozzzzcAzzzg Eco.yzZ ME a zzorzzroZ pzgzzzgzzf wzrA o pAorocofaZyAc wAzcA 
zzzzüZgr zzofzzroZ or ozTz^ czoZ ZzgAr coroZyj^ 6.y zAg ArgoWowzz q/^ poZZzzZozzz.y ozz  ^AoüZ ozZozzr.y 
zzz zAg oZzzzojpAgrg. TTzzj zj zzzoùZg zzz DzgaZoz]^  G^ rzzzozz)^  wAgrg zZ woj ^ zr.yZ ZozzzzcAg^ Z ozzz/ 
zZ zj oZjo zzj^ 6z7 zzz c^ozzzZzzzzzvzo ozzzZ Erozzcg. 7z cozz Ag zz.y66Z zzz Aoj/zzZoZ.y, ZoAoroZorzej, 
j^ cAooZ.;, AoZgZj, ozzzZ r6jZozzrozzZ.y" [62].
“Dai Nippon Toryo ’s new paint contains photocataiytic Ti02 Dai Nippon Toryo
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(D7VT Aoj z/zZmzZwcgzZ AZovocZeozz Bzo, a waZ6r-Ao.y66Z pozzzZ^r zzzzZoor o/z/z/z-
c o Z z o /z .y .  7Z c o z z Z a z z z j  c o Z o Z y ^ y Z - g m z Z e  7 z 0 2  Z o  z z f f z j Z  zzz z A g  ; ? A o Z o c o Z a Z y Z z c  z /g c o z z z p o j^ z Z z o z z  
q / ^ o z g o z z z c  c o z z z p o z z z z z Z j.  D V T / z o z z z Z j  ozzZ  z A a Z  o z g z z z z z c  co zzzp o zzzzzZ j^  zzz-g z z z o z z z /y  z - g j / z o z z f z A /g  
^ z "  " .yzcA -A zzzZ zZ zzzg  jy z z z Z z "o z z z 6 ."  7 7 z 6  pzzzzzZ  o / j o  c o z zZ o zz z .^  . y p a c z o Z  z"6.yzzz.y zAzzZ o z -g  3^zzp p o .y 6 zZ  
Z o  z z z z p z o v 6  jZ o z z z -z 'g .y z j^ Z o z z c e  q /^ z A e  pzzzzzZ 6zZ  .y z z z ] ^ c 6 .  D Z V T z .y  zzzzzz-AgZzzzg z Z j A o v o c / g z z z z  E z o  
;?zzzzzZ Z o  j ^ c A o o / j ,  zZe^zzz-ZzzzgzzZ j Z o z - g j  zzzzzZ o z A g z "  zzz.yZzZzzZzozzj, p z i c ^ z Z  o Z  } ^ z z  7 6 0 0 0 ^ z "  a  7 6  
A zZ o  c z z z z "  [ 6 3 ] .
StoClimasanColor is one of the first photocataiytic paints to be released onto the 
market which claims to clean indoor air upon light illumination. It contains visible- 
light active Ti0 2  as the special photocataiytic pigment, as well as polymer, pigmen­
tary titanium dioxide, silicate fillers, kaolin, calcium carbonate, water, additives and 
pot preservative agents. It is available in white, aged-white and tinted to specific 
colours [64,65]. Boy sen KNOxOUT is ano±er photocataiytic paint, ideal for uses 
in area with high levels of NO^ ; such as indoor car parks and buildings in urban ar­
eas [66]. This paint comes in white, ivory, green, blue, red and grey. Two real-scale 
trials were conducted using this paint to prove its NO;p removing power. One test was 
carried out in a car park - 1800 m  ^ (900 m walls and 9(X) m ceiling) in 2007. 300 L 
of the paint was deposited on the walls and ceiling of the car park and the trial was 
run for 12 months. Samples were collected monthly and the accumulation of nitrate 
was analysed to determine NOj^  destruction, alongside blank paint samples in the same 
area. It was found that NO^ levels could be reduced by up to 90 % under fluorescent 
light. The other study was conducted at an urban rail transit station along the busiest 
avenue in Metro Manila. 15 pollution sensors were installed, and approximately 700 
L of KNOxOUT was used to paint over 6200 m .^ 6 months after application, NO^ 
levels had dropped at all of the pollution sensors This study was even featured on BBC 
news [66]. Boy sen KNOxOUT contains CristalActiv ultrahne Ti02, which converts 
NOjc to nitric acid, which is then neutralised by alkaline calcium carbonate pigment 
also present in the paint, producing calcium nitrate, carbon dioxide and water. The cal­
cium nitrite is easily removed from the surface by dissolving in water, leaving the paint 
him clean for the arrival of the next pollutant molecule [66]. These indoor air purifying 
photocataiytic paints contain both pigmentary Ti02 and photocataiytic Ti02. Pigmen­
tary titania particles are usually 300 nm in diameter as this seems the optimum particle 
size for maximum light scattering of the visible wavelengths. This is what gives titania 
pigment particles a brilliant white appearance [30]. To improve dispersion and sup­
press catalytic activity, pigmentary particles are usually coated with a layer of alumina 
or alumina and silica, which capture photogenerated electrons, preventing these from 
interacting with the organic paint him constituents [30,67]. This prevents the chaiking 
effect from occurring. Photocataiytic paints also contain Ti02 particles with no surface
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treatment. Due to the lack of surface treatment these particles are photocatalytically ac­
tive towards organic compounds due to the generation of charge-carriers which initiate 
free radical reactions causing organic molecule breakdown. Photocataiytic paints are 
meant to be an aesthetic approach to atmospheric pollution removal. They are painted 
onto the inside walls of a car park or ofhce building, and VOCs adsorb onto the surface. 
They then interact with the charge-carriers generated by the photocataiytic Ti02 parti­
cles, becoming broken down into smaller molecules. Ideally complete mineralisation 
would take place and only CO2  and H2 O would be the breakdown products. However 
no system is perfect and there have been many excellent studies to show that some­
times perfection is not the case, and some research has shown that those photocataiytic 
paints which claim to remove pollution from the atmosphere can actually increase the 
concentration of the VOC, due to the presence of photocataiytic Ti02. Allen and co­
workers investigated the effect the presence of nanoparticulate Ti0 2  had on the weight 
and gloss of various paint formulations, comparing these effects with those made by 
micrometer-sized pigment particles [30,68]. In all cases the nanoparticles had the 
greatest photocataiytic effect, with paint film mass losses reaching a maximum of 2.3 
mg cm"^ and gloss decreasing by almost 100 % for nanoanatase particles irradiated 
with UV fluorescent lamps = 340 nm) [30]. An excellent real-scale study which 
looked into the removal of NO  ^gases, was carried out in a car park with walls that had 
been coated with a photocataiytic TiOi-containing paint [69]. Figure 1.5 shows the 
experimental set-up used in this real scale study. A comer of the car park was closed 
off to contain a 917 cm  ^ test area that was polluted with car exhaust during the experi- 
ment. Acrylic paint treated with 10 % Ti02 (Millennium Chemicals) was painted onto 
the ceiling (322 cm  ^area), and 20 UV lamps were placed symmetrically at a distance 
of 40 cm from the ceiling providing a total radiance of 1 W m"^ to the photocataiytic 
surface. A car was placed outside the walls of the area and a pipe connected to the 
exhaust provided pollution 4.7 m inside the test area. Three tests in total were carried 
out on consecutive days, and on the fourth day a blank test without any UV light ir­
radiation was undertaken. The closed area was exposed to car exhaust gases and after 
steady state was reached, the UV lamps were switched on for 5 hours. The differ­
ence between the initial (steady state) and final concentration of pollutants indicated 
pollution removal vzo photocatalysis and/or reduction of concentration in the actual 
emissions from the car. The photocataiytic oxidation rate (PR, jUg m"^s"^) was calcu­
lated with the following formula, where [NO;^ ] = pollutant concentration (^g m"^), A 
= irradiated sample area (m^) and F = airflow of ventilator (m^h"^) [69]:
=  (1.14)
Figure 1.6 shows the variation in NO (graph a) and NO2 (graph b) concentra-
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Figure 1.5: The experimental set-up for the real scale study o f the photocataiytic 
removal o f NOx from car exhaust fumes by photocataiytic TiÜ2 -containing paint coated 
on the inside walls of a closed off section of a car park. Image taken from [69].
tions during each catalytic experiment (1, 2 and 3) and during the blank experiments 
whereby there was no UV light exposure. One can see from Figure 1.6 (a) that during 
the blank experiment NO concentration continued to reduce over time even without 
UV irradiation, although the concentration of this pollutant decreased more signifi­
cantly in the photocataiytic experiments 1- 3.  The decrease in NO2 concentration was 
more obvious, shown by the immediate reductions upon UV light irradiation in exper­
iments 1 - 3 represented in Figure 1.6 (b). The percentage removal and photocataiytic 
oxidation rates for NO (experiments 1, 2 and 3) were calculated as 18.8 %, 15.6 %, 
6.67 % and 0.13 pg  m "^s"\ 0.06 pg  m"^s"\ 0.05 pg  m"^s"\ respectively. The 
percentage removal and photocataiytic oxidation rates for NO2 (experiments 1, 2 and 
3) were calculated as 14.8 %, 19.4 %, 8.37 % and 0.12 pg  m "^s"\ 0.16 p g  m"^s"\ 
0.09 pg  m"^s“ *, respectively. In order to truly evaluate the results from the real-scale 
study a lab-scale study was undertaken in a 30 m^  stainless steal environmental cham­
ber. 4 m^  of the Ti02-containing paint was placed on the bottom of the chamber, above 
which at a distance of 1.5 m, four UV light sources were mounted. NO (220 ppm) was 
injected into the chamber. 91.3 % of NO was calculated to have been photocatalyti­
cally removed after 6 hr of irradiation, with a photocataiytic oxidation rate calculated 
at 0.18 g m~^s“ *. This indicated that the material was more photocatalytically active 
in the lab-scale study [69].
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Figure 1.6: Variation in the concentration of NO (a) and NO2 (b) during the experi­
ments carried out on each day in the real-scale study of photocataiytic removal o f NOx 
from car exhaust fumes in a car park by photocataiytic Ti02-containing paint. Images 
taken from [69].
In 2011 Aguia and co-workers investigated the photocataiytic removal of NO by 
TiO] from various producers (Evonik, Kemira, Kronos, Millennium, Sachtleben and 
Tayca), in powder pressed film form and when incorporated into a vinyl-type water- 
based paint [70]. The commercial exterior paint had half of the pigmentary Ti02 re­
moved and replaced with the photoactive TiO], so that the final photo-TiO] and pig­
mentary Ti02 content was 9 wt.% in wet basis (ca. 17 wt.% in dry basis). Films 
(powder pressed and paint) were applied to aluminium slabs 0.10 m in length by 0.05 
m in width, providing photo-Ti02 loads of approximately 2 mg cm“  ^and 60 mg cm~^ 
for paint and powder pressed films respectively. The films were placed in an aluminium 
photoreactor with dimensions 0.05 m wide by 0.23 m long by 0.005 m tall, which was 
covered with a borosilicate window. Synthetic air containing 1 ppm of NO with 50 % 
relative humidity entered the reactor at 0.7 L min“ *. A UV lamp providing a spectrum 
ranging from 315 nm to 390 nm was placed at a distance from the reactor so that radi­
ance was 7 W m“ .^ The inlet and outlet changes in NO concentration were monitored 
with an NO^  ^ analyser. Two parameters were used to characterise the photocataiytic 
activity for both types of films: NO conversion (X/vo, equation 1.15) and selectivity of
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NO2 and NO^ formation (S, equation 1.16). and € ^ ^ 0 2  stand for the concentra­
tion of NO and NO2 , respectively, and the in and out superscripts refer to the inlet and 
outlet streams of the reactor.
r^ in _  r^ out
X^o =  ( '^ % ^ ) x lO Q  (1.15)
Ç 'O U t
)xlOO (1.16)
Figure 1.7 shows the % NO conversion (Xyy ,^ solid circles) and selectivity (S, empty 
circles) for each commercial Ti02 sample in powder pressed films (X-axis) and when 
dispersed into a paint film (Y-axis). One can see a general trend with all the photocat­
alysts that the powder pressed forms exhibit higher photocataiytic activity than when 
dispersed in the paint him. Take UVlOO for example, an anatase-only powder with 
crystal size of 10 nm and surface area 250 m^g"  ^ provided by Sachtleben. In pow­
der pressed form Xyy^  and S values are approximately 68 % and 45 % respectively. 
However when dispersed into a paint him X r^o and S values dropped to 43 % and 
30 % respectively. It seems that there is no apparent relationship between photoac­
tivity when the commercial Ti0 2  samples are placed in powder him or when mixed 
into a paint hlms, whereby those Ti0 2  samples that are more or less active in pow­
der hlms are not necessarily more or less active in a paint him. This is due to the 
interachon between the photo-Ti02 the paint him matrix. It was also found that 
there was no relationship between the characteristics of the commercial samples and 
their photocataiytic activities (i.e. larger surface area did not necessarily lead to greater 
photocataiytic activity) [70].
Laufs gf a/, investigated the photooxidation of nitrogen oxides on commercially 
available photocataiytic paints [71]. Photoactive paints (StoPhotosan NOX disper­
sion paint) one white and one blue with differing Ti02 content were used. Reference 
paints without the addition of photocatalyst were used for comparison in the photocat­
aiytic tests. The photocataiytic Ti02 (Kronos Int.: vlp 7000) exhibited anatase crystal 
structure which had been doped with carbon, and displayed photocataiytic activity 
under both UV and visible light (<500 nm). The blue paint contained only photo- 
catalytic Ti0 2 , whereas the white also contained approximately 15% of non-catalytic 
rutile. Paint films were deposited on both sides of steal plates which were allowed 
to dry, washed with MilliQ water then irradiated over night prior to each experiment. 
A cylindrical flow reactor (1400 ml, 5.5 cm internal diameter) was used to measure 
photocataiytic conversion of NOj .^ Six 20 W UV/vis lamps generating light within the 
wavelength range of 300 nm to 500 nm (peak intensity at 370 nm) were placed sym­
metrically around the reactor. The steal plates exhibiting the paint samples were placed
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ybr a// poW gr (7  a j c / / m a g g  fa/cg» /rom [70].
on a Teflon spacer inside the reactor to ensure homogeneous irradiation. Synthetic air 
or pure nitrogen flowed through a humidifier set to 50 % relative humidity at a rate 
which was varied between 1 and 5 L min" '. NO and NO2  calibration mixtures were 
added so that NG  ^mixing ratios between 25 and 1000 ppbv were obtained. In a typical 
experiment samples were washed and irradiated overnight in zero air. Nitrogen oxides 
were then added and variation in concentration of test gases were measured in dark 
conditions. When stable conditions were reached, lamps were switched on and photo- 
catalytic tests were initiated. Experimental conditions such as gas flow rate, pollutant 
concentration, light intensity and humidity were changed and the experiments were 
repeated. Figure 1.8 shows the variation in HONO, NO and NO2 concentrations on 
a sample of the white photocataiytic paint at 60 % relative humidity using pure NO2 , 
pure NO and a mixture of NO2  and NO. Strong NO2  decomposition was observed on 
the photocataiytic paints under pure NO2 which seemed to generate a smaller amount 
of NO than expected, indicating photocataiytic decomposition of evolved NO (see NO2 
only in Figure 1.8). This was confirmed by photocataiytic decomposition of NO under 
pure NO gas (see NO only in Figure 1.8). One can see that HONO was efficiently pho­
tocatalytically broken down under NO only, pure NO2 and with a mixture of NO and 
NO2 . Interestingly this compound formed on the surfaces of both photocataiytic paints, 
and non-photocatalytic reference paints in the absence of light. When both paints were 
compared under identical conditions, the blue paint exhibited much greater reactivity 
towards NO2 abatement compared to the white paint. This was due to the presence 
on non-photocatalytic Ti0 2  in the white paint film, which reduced the number of ac­
tive sites at the surface of the paint and also reduced the light intensity reaching the
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Figure 1.8: Variation in HONO, NO and NO2 concentrations on the white photocat- 
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photocatalyst particles [71].
An excellent study on the effects that photocatalytic paints have on indoor air qual­
ity was carried out by Auvinen and Wirttanen in 2008 [72]. Six different indoor photo- 
catalytic paints and a reference paint were deposited on three substrates: glass, gypsum 
plaster and polymer-modified plaster. These paints were tested in terms of the degra­
dation of the organic binder, photocatalytic decomposition of formaldehyde and pho­
tocatalytic decomposition of a mixture of indoor VOCs. Three of the paints (and the 
reference paint) were commercially available and exhibited the following binder sys­
tems; polyorganic-siloxane, polyvinyl acetate (PVAc)-ethene copolymer and styrene- 
acrylic copolymer. The other three paints were self-produced and had different binder 
systems; silica sol-gel, lime and PVAc-ethene copolymer. Substrates were 220 mm x 
280 mm x 3 mm, and one photocatalytic paint plus the reference paint were applied 
to each substrate so that a dry film thickness of 80 pm  was achieved. The painted 
substrates were then stored in environmental chambers for 2 days, and the aged paints 
were stored first under normal light for 1 month then under true light for 3 months. The 
testing was carried out in environmental chambers with total volume = 27 dm .^ Tem­
perature, relative humidity and air exchange rate were maintained at 21±2°C, 50±5 % 
and 0.5 hr~* respectively. A total of six chambers were used, three of which contained 
UVA black-light (1 - 2 W m“ )^, and the other three with normal office light. The 
emission from the paints was measured by placing freshly painted glass in a chamber
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and allowing to dry for 48 hr before switching the UVA light on. Duplicate air samples 
were collected after 1 day, 7 days and 14 days. The formaldehyde tests were carried 
out on both fresh and aged paints deposited on glass and / or gypsum plaster, which 
were placed in the chambers 48 hr prior to sample collection. 1500 ;ig m'^ was in­
jected into the chamber, the system was stabilised for 2 minutes, and then the UVA 
light was switched on. Duplicate air samples were then collected after 15 min, 2 hr 
and 24 hr. The photocatalytic tests for the removal of a mixture of VOCs was carried 
out in a similar way whereby both fresh and aged paints were painted onto glass and 
/ or gypsum plaster substrates and placed in the chambers for 48 hr. Then 3000 ^g 
m^  ^ of a mixture of /i-heptane, toluene, CK-pinene, 1-hexanol and nonanal (individual 
concentrations were 6(X) /ig  m"^) was injected into the chamber. Air samples were 
collected in duplicate after 15 min, 2 hr and 24 hr. Sample analysis was carried out 
using gas chromatography - mass spectrometry (GC-MS). Figure 1.9 shows the vari- 
ation in VOC concentration for the six photocatalytic paints and the non-photoactive 
reference paint under UVA light and normal light when the paints were aged (a) and 
freshly deposited (b). One can see that in all cases the reduction of VOC concentration 
does not seem to differ too much between the photocatalytic paints and the reference 
paint. The reduction in VOC is due to adsorption on the paint surface, the photo­
catalytic effect and air exchange rate. The concentrations of aldehydes and ketones 
were measured simultaneously in addition to VOCs. High levels of aldehydes were 
generated from the photoactive paints, in some cases even after 24 hr of illumination 
these levels exceeded the recommended indoor air levels by 10 - 60 times (KXX) - 6(XX) 
jUg m'^). This indicated that VOCs were degraded as well as the paint films them­
selves. The degradation of the paint films by the photocatalytic action of the TiO% 
was confirmed by the detection of various aldehydes and ketones when no pollutants 
were added to the chambers, and these levels were higher under UVA light compared 
to normal light [72].
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Figure 1.9: Photocatalytic decomposition o f the VOC mixture over all paints (six 
photocatalytic, and one reference) under UVA and normal light when the paints were 
either aged (a) or freshly painted (b). Images taken from  [72].
In 2011 Marolt et al. investigated the effect of pigment volume concentration 
(PVC) on the photocatalytic activity of a nano-anatase photocatalytic paint [73]. PVC 
was varied between a range of values near the critical pigment volume concentration 
(CPVC), that still resulted in the paint maintaining satisfactory optical and mechanical 
properties. This was achieved by adjusting the content of the inorganic binder or by 
changing the content of the polymeric binder. Sample details are shown in Table 1.1. 
The photocatalytic activity was determined by monitoring the gas-phase destruction of 
isopropanol via: ( 1 ) repetitive UV irradiation and (2) controlled pre-exposure to UV. 
The effect of relative humidity was also investigated. The photocatalytic results were 
compared to a commercially available photocatalytic paint obtained from an indepen­
dent producer. 11 samples were prepared in parallel series using a basic paint for­
mulation containing photocatalytic anatase (Hombikat UV 100, Sachtleben) but with 
varying PVC. Samples were applied to plain white cardboard (300 g m“ )^ and allowed
CHAPTER 1. GENERAL INTRODUCTION 20
Table 1.1: m fAg q/"
p/gwgM  ^vo/wTMg coMcgM^ mr/oM ( f  VC) OM pAo^ocafa/y^fc o%Waf/oM mfg c^ga.ygowj fjo- 
propa/m/ [73].
Sample Name Characteristics
5CPVC 5% above CP VC (reference)
7.5CPVC/F1 7.5% above CPVC (adjustment on account of filler 1)
lOCPVC/Fl 10% above CPVC (adjustment on account of filler 1)
15CPVC/F1 15% above CPVC (adjustment on account of filler 1)
-2.5CPVC/F 2.5% below CPVC (adjustment on account of all fillers)
OCPVC/F CPVC (ai^ustment on account of all fillers)
2.5CPVC/F 2.5% above CPVC (adjustment on account of all fillers)
7.5CPVC/F 7.5% above CPVC (ac^ustment on account of all fillers)
lOCPVC/F 10% above CPVC (adjustment on account of all fillers)
5CPVC-5R/F1 5% above CPVC (5% of rutile, which replaces filler 1)
5CPVC-10R/F1 5% above CPVC (10% of rutile, which replaces filler 1)
to dry at room temperature for 7 days. Before photocatalytic experiments were carried 
out, at least one specimen was pre-exposed to a lamp with comparable spectrum to sun- 
light, with intensity of UV light at the surface measured as 43 W m"^. Samples were 
placed in a reactor and irradiated with a 300 W Xe lamp with IR filter. 3 jUl of liquid 
isopropanol were injected into the reactor v;a a septum, and relative humidity and tem­
perature of the chamber was set to 23°C and 253: 5 % respectively. Foiuier transform 
infrared spectroscopy (FTIR) was used to investigate the initial acetone formation, the 
quick product of photooxidation of isopropanol. Figure 1.10 (a) shows the effect that 
pre-exposure to UV light has on the photocatalytic activity of four paint specimens, 
each with different PVC. Notice that pre-exposed paints had much greater oxidation 
rates, the highest being reached by sample 2.5CPVC/F, with an increase from 15 ppm 
h^' for raw paint to 78 ppm h^' for the pre-exposed specimen. The effect of pigment 
volume concentration (PVC) was investigated on photooxidation rates of isopropanol 
on pre-exposed paint formulations. Figure 1.10 (b) shows this effect when PVC was 
changed by either increasing content of filler 1 (grey bars) or by varying the content 
of organic binder (black bars), compared to the reference paint (5CPVC). It was found 
that a gradual increase of filler 1 caused a non-uniform trend in photocatalytic activity, 
whereby initially increasing FI caused a drop in photocatalytic activity by a factor of 
4, but on further additions, activity improved again. The effect of filler 1 was hypoth­
esised to be due to two factors: (1) it acts as a screen between the anatase particles 
and UV light, (2) by increasing the content, the other components which screen the 
catalytic particles even more so, become diluted [73].
Salthammer gf al. studied the efficiency of some commercially available water- 
based photocatalytic paints [74]. 1 m  ^ glass chambers contained test paint samples
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Figure 1.10: Ejfect o f  different properties o f  paint formulations on photooxidation 
rates o f gaseous isopropanol, (a) Unexposed pre-exposure to UV light, (b) Changes 
in PVC dependant on addition o f filler 1 (grey bars) and variation in organic binder 
content (black bars), compared to the reference paint (5CPVC). Images taken from  
[73].
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Figure 1.11: Paint emissions and the detected concentrations o f four different VOCs 
when the water-based photocatalytic paint P3 was irradiated with UV light. Image 
taken from  [74].
applied to inert glass plates at a dry thickness of 100 - 250 pm , the anatase content 
unknown. Sunlight simulating lamps were placed outside the chambers and the in­
tensity of visible, UVA and UVB light was measured at the sample’s surface to be 
0.3 - 0.4 mW cm“ ,^ 0.1 - 0.2 mW cm~^ and < 0.01 mW cm“  ^ respectively [74]. 
The photocatalytic tests for the removal of NO2 , CO, formaldehyde, VOCs and ter- 
penes were carried out separately. A mixture of nine VOCs (n-butyl acetate, limonene, 
R-pinene, 2-butanone, benzaldehyde, n-decane, toluene, 2-butoxyethanol, and 1,2- 
dichlorobenzene) were made up into a stock solution then injected into the chamber 
to give initial concentrations between 150 and 350 pg  m~^. No photocatalytic effect 
was found for any of the VOCs in question during irradiation for 400 min. How­
ever, when no VOCs were introduced and paint emissions were assessed, 1 - 3 hr of 
illumination prompted an increase in concentration of formaldehyde, acetaldehyde, 
ethylacrolein, pentanal, 1-hydroxy-butanone and hexanal from 10 to a maximum of 
110 pg  m“ ,^ this is shown by the graph in Figure 1.11. Propenal, propanal, butanal, 
methacrolein, 2-butanone and heptanal were also detected to reach peak values of < 10 
pg  m“  ^ [74]. After repeating the emission experiments 60 days later, lower concentra­
tions of formaldehyde and acetaldehyde were detected, indicating that emissions could 
deplete over time. However the authors raised a good question: ''will indoor photo- 
catalysis become a reliable method fo r  purification o f indoor air or will this technique 
produce secondary products by typical indoor chemistry with negative impact on hu­
man healthT  [74].
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A recent study performed by Geiss and co-workers set out to evaluate the formation 
of carbonyls from the photocatalytic degradation of organic paint constituents [75]. 
The exact composition of the investigated photocatalytic paint containing 5 % anatase 
was known, and shown in Table 1.2. Paint emission tests were conducted on the non­
commercial water-based paint containing 5 % Ti02 (photocatalytic paint) and a refer­
ence, non-photocatalytic paint exhibiting the same composition without the presence 
of Ti02. 50 g of each paint were homogenised in 50 g water in a petri dish and al­
lowed to dry in air at 40°C for 20 hr. Petri dishes containing the photocatalytic paint 
and reference paint were placed in 450 L environmental chambers set at 20°C, 23 % 
relative humidity with no air exchange. An OSRAM Ultravitalux 300 W was placed 
outside the chamber providing average intensity at the sample surface of 18 W m"  ^
(visible) and 3.2 W m"^, 0.004 W m'^ and 0.004 W m'^ for UVA, UVB and UVC 
respectively. Then long-term irradiation tests were conducted when the paint was de­
posited onto four gypsum panels (1 m  ^ each) which were placed in the centre of the 
Moor in a 30 m^  walk-in environmental chamber, with an air exchange rate of 0.5 hr"\ 
temperature of 23 °C and 50 % relative humidity. Air samples were taken before light 
illumination, and then at irregular time intervals after the lights were switched on. 
Panels were irradiated with four of the OSRAM lamps providing intensity of 8 W m ,^ 
0.8 W m -^  0.4 W m-^ and 0.007 W m"^ for visible, UVA, UVB and UVC respec- 
tively. HPLC was used for carbonyl analysis. After long-term exposure it was found 
(in decreasing order of concentration) that formaldehyde, acetaldehyde, propanal and 
acetone were the most commonly released carbonyls, and the concentrations decreased 
over time shown by the graph in Figure 1.12. One can see that shortly after switching 
on the light concentrations of formaldehyde and acetaldehyde reached upto 80 and 44 
pg  m"  ^ respectively. These dropped to 15 and 5 p g  m'^ after 430 hr of irradiation 
for formaldehyde and acetaldehyde respectively. Emission tests showed that the pres­
ence of Ti0 2  in the paint him did not inhuence formaldehyde production, but however 
caused a severe increase in acetaldehyde, propanal, acetone and butanal concentration 
indicating photocatalytic breakdown of the paint him constituents. The origination of 
carbonyl production was investigated by testing the paint him constituents individually. 
Each component in Table 1.2, except for the hne sand were tested with and without the 
addition of Ti02-containing cement. Emissions were tested by transferring the mix­
tures into petri dishes, placing them into 450 L environmental chambers set at 23°C 
and 23 % relative humidity and irradiated with OSRAM lights. This test allowed one to 
understand the contribution of each individual additive to the overall carbonyl forma­
tion. Without the addition of Ti02, no signihcant amounts of carbonyls were produced 
from any of the individual paint components except for the super-plasticizer, where 
formaldehyde levels reached 180 jU g m'^. When Ti02 was mixed with each compo-
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Table 1.2: q / ' p / z o r o c a f a / y f / c J  % [75].
Component Content (percentage by weight)
Cement (containing Ti02) 43
Fine sand 52.6
Cohesion agents 0.65
Super-plasticizer 1.4
De-foaming agent 0.47
Re-dispersible resin 1.72
Components dispersed 1:1 with water before use
* fwmaM#%Y*W 
" Metaldehvcte 
à PropanW 
■ ZUietone
I rra d ia tio n  Tim e [h j
Figure 1.12: Decreasing concentration o f analysed carbonyls over long periods o f  
/rom rAg pa/zg/j z/z r/zg wa/A:-m ezzyzrozzmg/zraZ c/zam^gr /magg raX:g/z
from  [75].
nent, various carbonyls were produced in differing amounts. For example, acetalde­
hyde levels were approximately 180 jUg m"^ for re-dispersible resin, super-plasticizer 
and cohesion agent. However, an acetaldehyde concentration of 650 /tg m"^ was pro­
duced when defoamer was mixed with Ti02 [75].
In order for photocatalytic paints to be successful in removal of VOCs from the at­
mospheres, paint him degradation must be avoided. This requires modihcation of the 
photocatalytic titania in some way. Ooka and co-workers investigated various ways 
in which one could suppress the photocatalytic decomposition of the organic resins in 
materials containing Ti02 [76]. In this work they mixed pillard clay containing pho­
tocatalytic Ti0 2  with polylactic acid resin, so that the Ti0 2  pillard clay content varied 
from 0.2 to 10 wt %. Figure 1.13 shows a schematic model of the aggregated Ti02 
particles in pillard clay. P25 was dispersed in the resin too and used as a reference 
material. The blended resins were moulded into dumbbell shape 4.5 cm in length for 
the out-door weathering and photocatalytic experiments. Two UV black-lights 
= 365 nm) were used to hrst irradiate the test pieces in air for 24 hr prior to the in-
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vestigations to clean up the photocatalyst surface. For the photocatalytic experiments 
samples were placed in a gas-tight polyvinyl fluoride bag exhibiting 5 dm  ^ capacity. 
3 dm  ^ of gaseous acetaldehyde or toluene was introduced to the bag so that the con­
taminant concentration was approximately 40 to 50 ppm and the relative humidity was 
20 to 30 %. This was then placed in the dark and gas samples were extracted to mea­
sure the pollutant concentrations once adsorption was allowed to take place using gas 
chromatography (GC). Contaminant concentration was then monitored when the test 
pieces were irradiated with UV black-light with an intensity of 1.0 mW cm"^ at the 
sample surface. Figure 1.13 (b) shows the photocatalytic decomposition of toluene 
over resins containing Ti02 pillard clay or P25. One can see that the resin contain­
ing the Ti02 pillard clay had greater photocatalytic activity than one containing P25. 
Out-door weathering tests were carried out on resins containing 5 % wt catalyst by ex­
posing them to sunlight and rain for 1 month (August 2(X)4) in Nagoya. Figure 1.13 (c) 
displays scanning electron microscopy (SEM) images for both samples pre- and post­
weathering. One can see that the surface of the resin containing P25 was much more 
coarse, and had been seriously affected by the weathering process. In contrast to this 
polylactic acid containing Ti0 2  pillard clay seemed much less rough after weathering, 
indicating the resin had resisted photodecomposition. These preliminary experiments 
have shown that some modification of the photocatalytic Ti0 2  can prevent or at least 
suppress decomposition of the organic material it is dispersed in whilst still retaining 
the photocatalytic ability for destroying organic pollutants in the atmosphere [76].
As previously mentioned, pigmentary Ti02 particles are coated with a layer of alu­
mina or a mixture of alumina and silica to prevent photocatalytic degradation of the 
paint him [30,67]. This barrier logic could be applied to the Ti02 particles that are 
added to photocatalytic paints in such a way that not only protects the surrounding 
paint, but still allows photocatalytic action on volatiles in the atmosphere. This could 
be achieved by partial coating of the photocatalyst with the barrier, so that the photo­
catalytic titanium dioxide particles are asymmetrically coated with Si02. This is the 
focus of this work, and the following section aims to describe how asymmetric Ti0 2  
could potentially increase the efficiency of photocatalytic paints.
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Figure 1.13: A schematic o f pillard clay with aggregated 7702 particles (a). De­
crease in toluene concentration over blended resins containing 2 wt % 7702 pillard 
clay (open squares) and P25 (closed circles) (b). (c) Weathering tests carried out on 
resins containing 5 % wt P25 and 7702 pillard clay . SEM images show the surfaces 
before and after exposure. All images taken from  [76].
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1.4.1 Asymmetric Titanium Dioxide
- The Answer to Photocatalytic Faints?
Nanoparticles and micrometer-sized particles exhibiting asymmetry have been synthe­
sised by a variety of techniques including gel-trapping [77], etching [78], Langmuir 
hlms [79] and aggregation [80,81]. These methods, however, come with limitations 
that are not easily controlled or monitored. The gel-trapping technique [77] uses the 
elastomer poly dimethyl siloxane (PDMS) to mask one hemisphere of the polystyrene 
microsphere templates by embedding them in the surface. The other half of the par­
ticles are therefore exposed, allowing them to be sputtered with gold nanoparticles. 
When these spheres are removed from the elastomer they exhibit an asymmetric coat­
ing of gold nanoparticles. The elastomer is then thrown away as it is non-recyclable. 
The production of PDMS also requires the use of a carcinogenic curing agent and 
therefore this technique can not be considered the greenest route to forming novel 
asymmetric photocatalysts [77]. Asymmetric silica is produced using hydrofluoric 
acid to etch one side of the particles into a mirror-like surface [78]. Hydrofluoric acid 
is considered highly toxic and only trained personnel should handle it, therefore this 
method is not so simple to carry out. Petit and co-workers used a Langmuir trough 
to asymmetrically coat silica spheres with gold nanoparticles at the gas/solid inter­
face, gas/liquid interface and liquid/solid interface [79]. For the gas/liquid interface a 
monolayer of amino-fimctionalised silica particles was spread over the surface of wa­
ter containing a dispersion of gold nanoparticles in a Langmuir trough. The him was 
then slowly compressed until a surface pressure of 10 mN m"^  ^ was reached. Some 
of these asymmetrically coated silica spheres were transferred onto a carbon coated 
copper grid for TEM analysis. To induce asymmetry at the liquid solid interface the 
amino-functionalised silica spheres were spread as a monolayer on the surface of water 
in a Langmuir trough. A hat glass substrate was vertically dipped into the solution to 
transfer the monolayer onto the glass surface. These adhered silica spheres were then 
vertically dipped into a gold nanoparticle dispersion so that only the exposed silica sur­
faces were coated with gold. At the solid/solid interface, a monolayer of silica spheres 
adhered to the surface of a glass substrate were sputtered with gold nanoparticles from 
a target source in a vacuum chamber [79]. These techniques are an excellent way to 
induce asymmetry (see Figure 1.14) on silica nanoparticles, however this requires the 
use of a Langmuir trough which is a rather sophisticated piece of equipment that not 
every laboratory has access to.
Ikeda gf 6zZ. demonstrated a simple and effective method for producing asymmetric 
titania particles that exhibit a hydrophobic and hydrophilic face enabhng them to sit 
comfortably at a dual-phase liquid-liquid interface [81]. This was achieved by adding
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Figure 1.14: TEM images o f amino-functionalised silica spheres asymmetrically
coated with gold nanoparticles at the gasAiquid interface (a), liquid/solid interface (b) 
and gas/solid interface (c). Images are taken from  [79].
just enough water to 1 g of powdered TiO] to induce aggregate formation. These aggre­
gates were then dispersed into toluene containing a silanising agent so that only the ex­
posed surfaces of the particles became silanised. Samples were also prepared whereby 
the surfaces were completely covered with silane groups by dispersing unaggregated 
powders into the toluene containing the silanising agent. The asymmetrically-silanised 
titania and fully-silanised titania were then dispersed into mixtures of benzene and wa­
ter, and interestingly the asymmetric particles sat at the interface between these two 
phases, whereas those TiÛ2 particles with completely silanised surfaces preferred the 
benzene phase [81]. This is nicely demonstrated by the photograph in Figure 1.15. Al­
though this seems an excellent technique for inducing asymmetry “on a budget” with 
simple wet chemistry that requires general laboratory apparatus, the amount at which 
the surface is modified is not so easily controllable. To use asymmetric particles in 
paints that remove pollution from the atmosphere it makes more sense to find an en­
vironmentally friendly synthesis route to such interesting particles, one that does not 
require the use of highly toxic chemicals. This is the basis of this work.
1.4.1.1 Greener Routes to Novel Photocatalysts
“Materials chemists can develop new catalysts that do not rely on scarce or toxic chem­
ical elements while delivering high yields o f product and generating minimal waste.” 
- RSC News, April 2011, page 11, Materials for our Future.
A more environmentally friendly way of synthesising asymmetric TiÛ2 is pre­
sented in this work. This route is based on the templating method used to produce 
hollow titania spheres. In a typical synthesis polystyrene spheres with diameters as 
small as 250 nm are coated with the titanium dioxide precursor by dispersing them into
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water
Figure 1.15: Suspension ofT i02 particles with varying degrees o f silanised surfaces 
at a benzene-water interface, (a) Ti0 2  particles with no silanisation, (b) asymmetri­
cally silanised Ti02, and (c) Ti02 particles with surfaces completely silanised. Image 
taken from  [81].
a solution of ethanol, precursor and water. Hydrolysis and condensation of the precur­
sor occurs at the surface of the spheres, producing amorphous Ti02 nuclei. Crystalline 
titania is produced via calcination at temperatures greater than or equal to 450°C. Dur­
ing this step the polystyrene is thermally broken down, leaving an inorganic hollow 
Ti02 shell [82-86]. Double shell hollow inorganic spheres consisting of Si02-Ti02 
have been produced using similar methods in which the amorphous Ti0 2  is deposited 
first, followed by Si02. The titania layer is then crystallised through heating, causing 
template removal and hollow sphere production [86]. In all of these methods there is 
a focus on producing intact hollow shells which exhibit as little surface ruptures and 
breakages as possible. However, if one was to force these double shell spheres to shat­
ter, one would then form asymmetric platelets consisting half of Si0 2  and half of Ti0 2 . 
This is shown in Figure 1.16 (a). These asymmetric platelets could then be incorpo­
rated into paints and when deposited on a substrate would be dispersed throughout the 
film medium in all directions at random orientation. Although they will be embedded 
in the bulk of the film, some may be located at the surface. After exposure to UV 
light, the Ti0 2  half of the platelets would photocatalytically break down the paint film 
surrounding them, exposing the titania half to the atmosphere. This is demonstrated 
by Figure 1.16 (b). Paint film in contact with the silica half would be protected from 
the titania’s charge carriers and would potentially not be degraded. However the titania 
half would then be exposed to the atmosphere whereby VOCs can adsorb and be bro­
ken down, giving the paint film photocatalytic properties. It has been shown that the
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presence of silica in hybrid nanocomposites can actually enhance the catalysts pollu­
tant adsorption capacity [87]. Zhang et al. used silica gel as a solid support for sol-gel 
derived Ti02 deposited on the surface. They found that compared to Ti02 powder on 
its own, Ti0 2  supported on silica-gel adsorbed three times the amount of acetone (from 
0.075 mg g“ * to 0.227 mg g“ *). Since a very important stage of photocatalysis is the 
adsorption of pollutants on the catalyst surface, this enhanced adsorption ability in­
creases the chances of oxidation by photogenerated charge-carriers [87]. In this report, 
a variety of templates are used to form composite hollow spheres, and the rupturing of 
these spheres using different techniques is also investigated.
SiO_Outer Layer 
Rupturinc
Hollow Sphere
TiOg Inner Layer
U ltra B a n d -G a p  R a d ia tio n E x p o se d  T ita n ia  S u r fa c e s  For 
P h o to c a ta ly s is
(b)
after some
Figure 1.16: (a) Asymmetric platelet formation from rupturing Si02 - TiÛ2 hollow 
spheres, (b) Asymmetric platelets dispersed in a paint film and exposure o f the photo­
catalytic titania surface after irradiation with ultra band-gap energy.
1.5 Aims and Objectives
By modification of nanoparticulate Ti02 that is currently being incorporated into pho­
tocatalytic paints, the activity towards the organic constituents of the paint film can 
be diminished, reducing the risk of self-degradation and VOC release. However, the 
Ti02 will retain photoactivity towards VOCs, removing them from the atmosphere, and 
therefore providing a solution to sick building syndrome. The aim of this work is to 
investigate different synthesis techniques for the production of asymmetric Si0 2 -Ti0 2  
platelets using a variety of templates. A greener route to these novel photocatalysts 
will be sought after. The platelets will then be tested for their efficiencies to photocat-
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alytically oxidise toluene in a flowing stream of air both in powdered form and when 
embedded into a mock paint him. This will be carried out in a glass-plate photoreactor 
equipped with online residual gas analysis.
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Chapter 2 
Asymmetric Titania - Preparation
This Chapter focuses on describing the various syntheses which have been carried out for 
the production of asymmetrically coated titanium dioxide platelets. A thorough litera­
ture review is first presented which introduces the preparation techniques used to produce 
hollow inorganic spheres. Specific methods are then chosen from the literature to coat 
polystyrene nanospheres and microspheres with a layer of titania and compare the result­
ing shell in terms of its smoothness. Silica is then deposited on top of the titania layer 
using hydrolysis and condensation of tetraethyl orthosilicate. Carbon microspheres are 
then adopted as a novel "greener" template. These sacrificial templates are then removed 
via calcination at 500°C, and the double-shell hollow inorganic spheres are then ruptured 
vza sonication or ball-milling in order to produce Si02-Ti02 asymmetric platelets (see Fig­
ure 2.1). To investigate a "green chemistry" theme, glass microspheres were employed as 
a non-sacrihcial template and were investigated in terms of their ability to fulfil a reusable 
template role. A Si02-Ti02 double layer was formed using similar deposition methods. 
Then three techniques were investigated in terms of their ability to remove this double­
coating, forming asymmetric platelets, leaving the surface of the spheres intact ready for 
reuse. The first method employed a ball-mill in an attempt to smash the coatings off 
the surface of the glass microspheres. The second removal method required heating the 
doubly-coated glass microspheres to 500°C and then rapidly cooling them by plunging 
them into liquid nitrogen, to attempt to shatter the coatings off the surface. The third and 
final method involved sonicating the coated spheres in ethanol to vibrate the coatings off. 
All syntheses and materials used are described in detail in this Chapter.
2.1 Background
The coating methods in this chapter are based on those used in the literature to produce 
hollow inorganic microspheres. The novelty comes from the breaking up of these hollow 
spheres to produce asymmetric platelets (see Figure 2.1). It has been well documented 
that polystyrene nanospheres can be easily coated with titania to form a shell-core type
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Figure 2.1: SiOj-TiOi asymmetric platelet production through the rupturing o f hollow 
douhle-shell spheres produced after the removal o f the sacrificial templates (polystyrene 
nano and microspheres, and carbon microspheres).
structure consisting of amorphous TiÜ2 coated onto a polystyrene core [1-8]. When the 
polystyrene core is removed, most commonly by calcination and therefore crystallisation 
of the titania layer, hollow TiO] spheres are produced. These hollow spheres have been 
investigated in terms of their photocatalytic activities, and their usage for various appli­
cations such as controlled ibuprofen release [1] and in dye-sensitised solar cells [3]. In 
2000 Shiho and co-workers published a paper regarding the synthesis and characterisation 
of titania hollow spheres [8]. Their method involved the ageing of various proportions 
of titania precursor, sulphate-stabilised polystyrene latex (spheres with average diameters 
of 420 nm) and polyvinylpyrrolidone (PVP) dispersed in ethanol in a tightly capped test 
tube at 100°C. After varying amounts of time these test tubes were quenched in a cold 
water bath, and centrifuged. The isolated particles were then redispersed ultrasonically 
in doubly distilled water to promote hydrolysis and condensation of the titania precursor.
The authors found that there were optimum conditions which produced non-aggregated, 
smoothly coated particles without any extraneous titania particles. This was achieved by 
ageing at 100°C for 1.5 h, ethanolic solutions of 1.5 g dm"  ^polystyrene particles and 1.6 
mol dm“  ^ H2 O containing 1.8 10“  ^ mol dm~  ^ titanium tetrabutoxide (TBOT) and 10 g 
dm“  ^PVP [8]. A transmission electron micrograph of the particles produced under these 
conditions is shown in Figure 2.2. The role of the PVP was to stabilise the polystyrene par­
ticles and prevent aggregation. Hollow spheres consisting of anatase only were prepared 
by calcination at 600°C. Increasing this temperature resulted in anatase-rutile mixtures 
(750°C) and complete anatase to rutile conversion at 900°C [8].
Imhof and co-workers investigated two different methods for the removal of the polystyrene 
core to produce hollow titania spheres [4]. Cationic polystyrene spheres (with average di­
ameters of 378 nm) were synthesised using surfactant free emulsion polymerisation with
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Figure 2.2: Hollow titania spheres produced by Shiho et al. using optimum conditions 
for coating polystyrene nanospheres [8].
a cationic initiator (azodiisobutyramidine dihydrochloride). 4.0 g of PVP and 10 ml of 5 
mM NaCl(^ )^ were added to 400 ml of absolute ethanol. 31 ml of 96 mg ml~  ^ of cationic 
polystyrene in ethanol were added, followed by addition of 60 ml ethanol containing 4.5 
ml of titanium isopropoxide (TTIP) under vigorous stirring. The solution was stirred for 1 
minute then allowed to stand for 15 minutes. A thicker titania shell was obtained through 
seeded growth by subsequent additions of TTIP. PVP was removed via centrifugation and 
redispersion into ethanol [4]. The polystyrene core was then removed via dissolution in 
an excess of toluene, or by heating at 5°C min~  ^ to 600°C for 4 hr. It was found that a 
maximum Ti02 shell of 50 nm could be achieved with one step addition of TTIIP, and at 
greater concentrations secondary TiO] began to nucleate, therefore thicker shells would be 
achieved by several step additions [4]. Removal of the core through dissolution seemed to 
cause the shells to shrink in size and deform when dried. When calcining the sample, small 
crystallites approximately 30 nm in diameter formed the titania shell as the polystyrene 
decomposed. These crystallites consisted of almost all anatase with 10 % rutile phase, and 
a high magnification and low magnification scanning electron microscopy image is given 
in Figure 2.3. There was also evidence of some shell rupturing [4].
In a paper in 2003 Yang et al. coated sulphonated-polystyrene gel particles [9]. Polystyrene 
spheres (275 nm in diameter) were sulphonated by immersion in concentrated sulphuric 
acid at 40°C for various times, which controlled the thickness of the sulphonated-polystyrene- 
gel shell. These gel particles were then immersed in a TBOT/ethanol mixture for 8 h, 
removed and washed with centrifugation and redispersal into an ethanol/water mixture
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Figure 2.3: The Im hofet al. hollow titania spheres produced via calcination ofTTIP- 
coated cationic polystyrene spheres. Image taken from  [4].
under stirring for 2 hr [9]. Hollow titania spheres were then prepared by either dissolution 
of the core with A-V-dimethylformamide or calcination at 450°C for 2 h. The varying 
amount of sulphonation of the core particles had an effect on the cavity size and thick­
ness of the titania shell. This is shown by scanning electron microscopy images (i-ii) in 
Figure 2.4, which represent hollow spheres templated on polystyrene spheres that have 
been sulphonated for 2 and 24 hr respectively [9]. Hollow titania spheres that were rup­
tured into bowl-like particles were obtained from those polystyrene spheres that had been 
sulphonated for 2 hr and removed through calcination (Figure 2.4 i). Hollow spheres re­
mained intact even after calcination when produced using the polystyrene cores that had 
been sulphonated for 24 hr (Figure 2.4 ii), giving a greater sulphonated-shell thickness [9].
In 2004 Li and co-workers presented a very simple method for coating polystyrene 
cores with a titania layer [6]. They synthesised sulphate-stabilised polystyrene spheres 
with average diameters of 830 nm via emulsion polymerisation, and ultrasonically dis­
persed these into anhydrous ethanol containing different amounts of TBOT for 30 min­
utes, allowing precursor adsorption onto the surface of the core particles. Amorphous 
titania was then produced by filtering the particles from solution and allowing them to dry 
in air for 12 hr, whereby the adsorbed TBOT reacted with water vapour in the atmosphere.
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Figure 2.4: Hollow titania spheres produced by Yang et al. using polystyrene spheres 
as templates which exhibit increased degrees o f surface sulphonation (i-ii). Image taken 
from [9]
undergoing hydrolysis and condensation reactions. Hollow spheres were then produced 
by heating the samples to 500°C for 4 hr at a rate of 10°C min~*. The effects of amount 
of titania precursor was investigated in terms of the shell thickness and surface roughness 
of the hollow titania spheres [6]. The authors found that on increasing the TBOT : ethanol 
volume ratio from 1 : 20 to 1 : 10 the surface roughness and shell thickness increased 
from 20-25 nm to 45-50 nm respectively. At a volume ratio of 1 : 5, individual hollow 
spheres were not achieved upon sample calcination, but largely coagulated titania particles 
were formed with voids where the polystyrene core once existed. Figure 2.5 shows SEM 
images of hollow titania spheres obtained using TBOT : ethanol volume ratios of 1 : 20, 1 
: 15 and 1 : 10 respectively. As one can see the surface roughness greatly increases with 
increasing TBOT concentration [6].
In 2010 Yao and co-workers published a paper which used carboxyl-functionalised 
polystyrene spheres with average diameters of 1.3 pm  to synthesise double-shell hollow 
inorganic spheres consisting of Si02-Ti02 (outer-inner) layers [1]. The titania layer was 
deposited by dispersing 2 g of polystyrene spheres into 100 ml of absolute ethanol con­
taining 0.5 g of PVP. The suspension was vigorously stirred while adding 2.5 ml of TBOT. 
20 ml of ethanol containing 1 ml water was then added dropwise after 30 mins of stirring 
to form a thicker coating. The titania coated polystyrene spheres were then repeatedly 
washed with ethanol through centrifugation and redispersion. The silica layer was then
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Figure 2.5: SEM image o f hollow titania spheres produced from coating polystyrene 
nanospheres with increasing amounts o f TBOT (i - Hi). Image taken from  [6]
deposited by dispersing 2.0 g of TiO] -polystyrene into 100 ml of absolute ethanol. Then 
deionised water, 28 % aqueous ammonia solution and tetraethyl orthosilicate was added 
at a volume ratio of 2 ml : 1 ml : 3 ml respectively, and the mixture was stirred vigor­
ously for 7 hr at room temperature. The Si02-Ti02-polystyrene spheres were repeatedly 
washed by centrifugation and redispersion in ethanol. The polystyrene core was removed 
via calcination at 550°C for 5 h with a heating rate of 1°C min“  ^ An SEM image of the 
Si02-Ti02 hollow spheres are shown in Figure 2.6. One can see that the silica layer forms 
a relatively smooth coating, with evidence of some rupturing occurring. It also seems that 
the particles have the potential to aggregate due to the silica, which forms a layer between 
adjacent particles forcing them to become connected [I]. By reviewing the literature it 
is clear that there are a number of ways to coat polystyrene spheres with titania and then 
silica, then removing the core via calcination to produce double shell hollow inorganic 
spheres. In the following section these methods are adopted and slightly adapted from 
those reviewed here.
2.2 Materials
All chemicals were used as received without any further purification unless mentioned oth­
erwise. Ethanol, (100 %, Fisher Scientific). Tetraethyl orthosilicate (TEOS, 98 %, Acros 
Organics). P25 (AEROXIDE®, Evonik, Degussa). Styrene (Reagent plus > 99 % 4-10-15
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Figure 2.6: SEM image of double shell Si02-Ti02 hollow spheres taken from [1].
ppm 4-tert butyl catechol) was washed with 10 % sodium hydroxide (analytical reagent 
grade, Fisher Scientific) in MilliQ water prior to use to remove the 4-tert-butyl catechol 
polymerisation inhibitor. Polyvinylpyrrolidone (PVP, with an average molecular weight 
of 58 000, Acros Organics). Potassium persulphate (K2 S2 O8 , 99 + %, Acros Organics). 
Glass microspheres (soda-lime, unwashed, d = 106 pm. Sigma). Carbon microspheres 
(d = 70 to 250 pm. Mast Carbon). Macroporous polystyrene microspheres (d = 100 pm. 
Sigma). Ammonia 37 %, Fisher Scientific) was diluted with MilliQ water to
form a 28 % solution.
2.3 Sacrificial Templating
2.3.1 Polystyrene Sphere Templates
In this section two sizes of polystyrene spheres are used to produce hollow Si02-Ti02 
double shell spheres. Sulphate stabilised polystyrene nanospheres with average diame­
ters of 800 nm were synthesised using an emulsion polymerisation method [6], which is 
described below. Macroporous polystyrene microspheres (d > 100 jtim) were purchased 
from Sigma and used without any further purification.
2.3.1.1 Synthesis of Polystyrene Nanospheres
Polystyrene nanospheres were synthesised via a surfactant free emulsion polymerisation 
method taken from [6]. 10 ml of styrene was first washed three times with 10 % NaOH 
solution to remove the inhibitor, and then continuously with MilliQ water until pH ran 
neutral. It was then immediately added to 100 ml MilliQ water containing 0.2 g potassium 
persulphate, and rapidly stirred under a nitrogen atmosphere for 30 minutes. The solution 
was refluxed for 12 hr at 70°C to allow polymerisation to take place. The mixture began
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as a clear solution and within 1 hr had turned to an opaque milky white colour. Potas­
sium persulphate acts as the initiator, splitting into two highly reactive sulphate radicals 
at temperatures above 50°C. These groups then attack neighbouring styrene monomers 
causing further radicals to be formed, initialising a chain reaction which eventually termi­
nates as polystyrene. This process is shown in Figure 2.7. After 12 hr the spheres were 
separated from solution by centrifugation and redispersed in ethanol. This was repeated 
several times to remove unreacted monomer and initiator. The powders were allowed to 
dry in air overnight and stored in a glass bottle.
K o '  S -S o' KK 0 S
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Figure 2.7: The reaction m echanism  fo r  the synthesis o f  polystyrene via surfactant free  emulsion  
polym erisation  [10].
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2.3.1.2 Polystyrene Nanospheres as Templates for Silica-Titania Double Shell 
Composite Hollow Spheres.
Four methods for coating synthesised polystyrene nanospheres with titania were adopted 
from the reviewed literature. All syntheses differ slightly, and hence were compared in 
terms of their efficiency at producing a smooth continuous layer of Ti0 2  on the sulphate- 
stabilised polystyrene nanospheres. These are now described.
a. 1 g sulphate-stabilised polystyrene was added to 30 ml EtOH and sonicated
for 30 minutes. 2 ml of TBOT were then added and samples were sonicated 
for 1 hr at room temperature to allow full adsorption of the titania precursor 
at the surface of the polystyrene core. Samples were then centrifuged, the 
supernatant removed, and powders dried in air overnight [6].
b. 2 g of polystyrene were added to 30 ml EtOH containing 0.5 g PVP and 
sonicated for 30 mins. 2.5 ml TBOT were added and samples were sonicated 
for 1 hr. Samples were then centrifuged and the powder dried in air overnight
[ 1].
c. 2 g polystyrene were added to 30 ml ethanol containing 0.5 g PVP, and soni- 
cated for 30 mins. Then 2.5 ml TBOT were added under vigorous stirring for 
30 minutes. 0.1 jUl of water in 5 ml EtOH were then added drop-wise under 
vigorous stirring to form a thicker Ti0 2  coating via hydrolysis and condensa­
tion reactions. Samples were sonicated for 30 minutes then centrifuged and 
redispersed in ethanol three times, then dried in air overnight [1].
d. In a test-tube 1 g sulphate-stabilised polystyrene was added to 30 ml ethanol 
containing 1 g PVP and sonicated for 30 minutes. Then 4 ml TBOT were 
added and the test-tube was capped and aged at 100°C for 1.5 hr. After 
quenching in cold water, the samples were centrifuged and redispersed into 30 
ml water three times. Powders were finally redispersed into 30 ml ethanol by 
sonication, then separated with centrifugation, and dried in air overnight [8].
The titania-coated polystyrene templates were further coated with silica to form a double­
shell type structure using the well known polycondensation reaction of ethanolically dis­
persed TEOS in the presence of water and ammonia [1, 11,12]. 2 g of titania-coated 
polystyrene were dispersed in 40 ml ethanol via sonication for 5 mins to break up aggre­
gates. Under vigorous stirring, 2 ml of MilliQ water, 1 ml 28 % ammonia solution and
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then 3 ml TEOS were added. The samples were capped and vigorously stirred at room 
temperature for 7 hr. Powders were then isolated via centrifugation, and redispersed in 
ethanol several times to remove unreacted TEOS and ammonia. Powders were dried at 
80°C for 4 hr. Hollow spheres were obtained by thermal decomposition of the polystyrene 
core and crystallisation of the Ti02 layer by heating the powders at 500°C for 3 hours. 
Two different heating rates (5°C min"  ^ and 50°C min"^) were investigated to see how 
they effect hollow sphere formation and potential rupturing.
2.3.1.3 Macroporous Polystyrene Microspheres as Templates for Hollow 
Double Shell Spheres.
Larger polystyrene spheres were coated with titania using the method a described in Sec­
tion 2.3.1.2 [6] whereby 1 g was added to 30 ml EtOH and sonicated for 30 minutes. 2 ml 
of TBOT were then added and samples were sonicated for 1 hr at room temperature to al- 
low full adsorption of the titania precursor at the surface of the polystyrene core. Samples 
were then centrifuged, the supernatant removed, and powders dried in air overnight. The 
silica coating was then formed by dispersing 1 g of Ti0 2  (amorphous) - coated polystyrene 
microspheres in 30 ml ethanol. 2 ml of MilliQ water, 1 ml 28 % ammonia solution and 
3 ml TEOS were then added under vigorous stirring. The mixture was capped and vig­
orously stirred for 7 hr, then the solvent was removed and samples were washed three 
times with 20 ml ethanol. The powders were dried at 80°C for 4 hr. Particles were then 
heated from room temperature to 500°C at 5°C min"  ^ to remove the cores by thermal 
decomposition, forming hollow double-shell inorganic spheres.
2.3.1.4 Hollow-Sphere Rupturing
In order to produce asymmetric Si02-Ti02 platelets the double-shell hollow inorganic 
microspheres, produced after calcination of the coated polystyrene nanospheres and mi­
crospheres, were ruptured using two methods summarised below.
" Ball-milling. Samples that had been calcined were placed in a ball mill and milled 
for 30 minutes at high amplitude.
' Sonication. Si02-Ti02 hollow nanospheres were dispersed in ethanol and placed in 
a sealed tube in an ultrasonic bath at room temperature for 30 minutes.
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2.3.2 Carbon Microsphere Templates - Novel use of the Coating Method
Solid carbon microspheres with diameters between 75 and 250 jUm were adopted as a 
novel greener template for producing hollow inorganic microspheres. These were coated 
with titania using the same four synthesis methods as those used for the polystyrene 
nanosphere templates in Section 2.3.1.2. These are now described.
a. 1 g of carbon microspheres was added to 30 ml EtOH and sonicated for 30
minutes. 2 ml of TBOT were then added and samples were sonicated for 1 hr 
at room temperature to allow full adsorption of the titania precursor at the sur­
face of the polystyrene core. Samples were then centrifuged, the supernatant 
removed, and powders dried in air overnight [6].
b. 2 g of carbon microspheres were added to 30 ml EtOH containing 0.5 g PVP
and sonicated for 30 mins. 2.5 ml TBOT were added and samples were son- 
icated for 1 hr. Samples were then centrifuged and the powder dried in air
overnight [1].
c. 2 g carbon microspheres were added to 30 ml ethanol containing 0.5 g PVP,
and sonicated for 30 mins. Then 2.5 ml TBOT were added under vigorous 
stirring for 30 minutes. 0.1 fil of water in 5 ml EtOH were then added drop- 
wise under vigorous stirring to form a thicker Ti0 2  coating via hydrolysis 
and condensation reactions. Samples were sonicated for 30 minutes then cen­
trifuged and redispersed in ethanol three times, then dried in air overnight [1].
d. In a test-tube 1 g carbon microspheres was added to 30 ml ethanol containing 
1 g PVP and sonicated for 30 minutes. Then 4 ml TBOT were added and the 
test-tube was capped and aged at 100°C for 1.5 hr. After quenching in cold 
water, the samples were centrifuged and redispersed into 30 ml water three 
times. Powders were finally redispersed into 30 ml ethanol by sonication, 
then separated with centrifugation, and dried in air overnight [8].
All Ti02 (amorphous)-coated samples were then silica coated using the method adapted 
from [1]. 1 g of the Ti0 2  coated carbon spheres was dispersed in 20 ml ethanol containing 
1 ml water, 0.5 ml 28% ammonia solution and 1.3 ml TEOS. Samples were vigorously 
stirred for 7 hr, then centrifuged and redispersed in ethanol three times, and dried at 80°C 
for 4 hr. The doubly-coated carbon microspheres were heated to 500°C. Two heating rates 
were investigated; 5 °C min"  ^ and 50 °C min"^  ^ regarding their effect on the formation of
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the Si0 2 -Ti0 2  (outer-inner) double shell hollow inorganic spheres in terms of rupturing, 
during carbon sphere template breakdown. Hollow spheres produced from this method 
were then ball-milled or sonicated in ethanol in an attempt to rupture the double-shell into 
asymmetric platelets.
2.4 Novel Greener Approaches - Non-Sacrificial Templat­
ing
Due to the nature of this project, and the desire to investigate ''green" approaches, more 
environmentally friendly templates were sort after. During removal of the templates pre­
viously mentioned through heating, carbonaceous species such as carbon dioxide and car­
bon monoxide are released. These are considered toxic and are among the most commonly 
found greenhouse gases [13]. Non-sacrihcial templates, that could be reused would lead 
to less environmental impact. In this section glass microspheres with diameters of 100 
/tm were used as novel non-sacrihcial templates in the production of asymmetric titania 
platelets.
2.4.1 Glass Microspheres
Soda lime glass beads (d = 100 ^m. Sigma-Aldrich) were used as templates for asym­
metrically modified titania platelets. These beads were coated first with Ti02 using the 
coating method adopted from [6] which is now described. 2 g of the glass beads were 
placed in 30 ml ethanol containing 4 ml TBOT. Samples were mixed every 30 minutes 
allowing adsorption of the titania precursor onto the surface of the spheres. After 2 hours 
the ethanol was removed and samples were allowed to dry in air overnight. Crystalline 
titania was obtained by heating the samples to 500°C at 5°C min L These Ti02-coated 
glass beads were then further coated with sihca by dispersing in 30 ml ethanol containing 
TEOS : H2 O : 28 % ammonia solution in the 3 ml : 2 ml : 1 ml ratio, and stirring for 
7 hr [1,11,12]. The solvent was removed and particles washed three times with ethanol 
and dried at 80°C for 4 hr. To produce the asymmetric Si02-Ti02 platelets, three different 
methods were investigated in an attempt to smash the double coating off the surface of 
the microspheres. The aim was to remove these coatings in such a way that would leave 
the glass microspheres intact so that they could be re-coated and therefore considered as a 
reusable template. The three removal methods are now described.
" Sonication in ethanol and analysis of the liquid and surfaces of the beads. 
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Ball-milling and analysis of the beads and any powder formed. 
Heating to 500°C then rapid cooling by plunging into liquid nitrogen.
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Chapter 3 
Asymmetric Titania 
- Characterisation Methods
The efficacy of asymmetric platelet formation using the four different templates; car­
bon microspheres, polystyrene nano- and microspheres and glass microspheres is reviewed 
using a variety of characterisation techniques. Scanning electron microscopy and trans­
mission electron microscopy is used to provide visual information on the particle shape 
and size. These techniques are coupled with energy dispersive X-ray analysis which will 
give information on the chemical composition of the area which is being analysed and can 
be mapped into an image. This technique along with powder X-ray diffraction and X-ray 
photoelectron spectroscopy will confirm the crystallinity and chemical composition of the 
samples and give information on the placement of the titania and silica in each platelet. 
Ultraviolet-visible diffuse refiectance spectroscopy will be used to determine the band-gap 
energy using the Kubelka-Munk transformation. Thermogravimetric analysis will be used 
for the sacrificial templates to investigate breakdown products in terms of mass changes 
during the calcination process. In this chapter the basic principals of each characterisation 
technique are detailed, along with a brief description of sample preparation. All character­
isations were performed by the author except for X-ray photoelectron spectroscopy, which 
was undertaken by the technical expert.
3.1 Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-Ray (EDX) Analysis
A tungsten cathode thermionically emits electrons which are accelerated towards an anode 
and focused into a beam with energies up to 50 KeV by a condenser and objective lens. 
This beam forms a spot between 1 and 5 nm in diameter and scans a sample surface in 
a raster fashion. The electrons are scattered by the atoms in the sample, spreading into 
a teardrop-shaped volume extending 100 nm to 5 jUm into the surface. This results in
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the release of secondary electrons (SE), backscattered electrons (BSE) and X-rays. It 
is these that are detected in SEM. SE are inelastically scattered electrons, emitted from 
within a few nanometres of the sample surface and have low energies (< 50 eV). BSE are 
elastically scattered from interactions with the atoms in the specimen resulting in higher 
energies and are used to detect different areas of chemical composition. SE and BSE are 
detected by a scintillator-photomultiplier which renders the signal into a two-dimensional 
intensity distribution forming an image of the surface structure of the specimen. Specimen 
structure has a great effect on SE emission and collection, and the signal is brighter for 
steep surfaces and edges compared to those that are fiat. However rough surfaces can 
hinder some signals which leads to excellent morphological imaging with the decline of 
detail. SE mode is used for topographical imaging whereas BSE mode is more related 
to atomic number [1], Samples must be electronically conducting to prevent charge build 
up, providing good imaging in SEM. If they are not, they can be coated with a conducting 
layer of gold nanoparticles. An image of the workings of the SEM is shown in Figure 3.1.
Energy dispersive X-ray analysis (EDX, aka EDAX and EDS) is a technique which 
collects the X-rays generated from the bombardment of a sample by the electron beam. 
The beam causes electrons in the atoms in the sample to be ejected from inner shells. 
Electrons from higher energy levels are demoted to fill the gap in the lower shells, which 
generate X-rays. These X-rays exhibit characteristic energies directly related to the chem­
ical element from which the X-rays are formed, dependant on the transition which took 
place [I]. This is demonstrated by Figure 3.2. There are four different operating modes 
that provides the user with various information about the chemical composition of the 
sample of interest, these are:
* spot mode which determines the chemical composition of a small spot,
* area mode which analyses the elemental composition of a selected area,
* mapping mode provides an image related to the chemical composition of a selected 
area,
* linear mode provides the chemical composition along a linear region of the image.
All powdered samples were deposited on a "sticky carbon tab" mounted on to an alu­
minium stub. These stubs were placed in a gold coater, the stage was tilted to 90° and the 
aluminium stubs rotated to allow deposition of 2 nm of gold at various angles from the 
target, ensuring a thorough coverage and good conducting path.
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Figure 3.1: Scanning electron microscope. Image taken from  [2] and courtesy o f Iowa 
State University.
A  Hitachi 3200-N SEM equipped with an Oxford Instruments X-act energy dispersive 
X-ray (EDAX) detector was used to provide images and X-ray maps for all templates that 
have been unmodified and modified with Ti0 2  and with Si0 2 -Ti0 2 .
3.2 Scanning Transmission Electron Microscopy (STEM) 
and EDX
A single tungsten crystal which has been sharpened electrolytically forms a field emission 
gun which delivers a very small probing electron beam that scans across the thin specimen. 
This beam is directed into a spot which exhibits a high current density (10*  ^electrons per 
second). The signal intensity of the transmitted electron beam is measured using a va­
riety of detectors. Images can be captured in three different modes; secondary electron 
(SE), transmission electron (TE) and atomic number contrast (ZC). Secondary electrons 
(SE) exhibit low energies and are emitted from the sample surface due to electron-electron
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Figure 3.2: Demonstration o f X-ray generation when an electron beam is fired at a 
sample, causing ejection o f inner electrons from atomic energy levels. Outer electrons 
are then demoted to lower energy levels to replace those that have been ejected, which 
generated X-rays with characteristic energies, measured with EDAX.
interactions from the irradiated parts of the surface. This mode provides the user infor­
mation about the surface structure of the samples. In ZC mode, images are formed which 
exhibit contrast that is directly related to the atomic number (Z). The atoms with higher 
atomic number scatter the electrons to higher angles. This mode is particularly useful for 
analysing asymmetric particles and one should be able to locate the separate Si0 2  and 
Ti02 layers. In TE mode image resolution relies on phase contrast, and images are con­
structed from differences in refractive indices [3,4]. This instrument is also coupled with 
EDAX providing chemical analysis with imaging.
This technique was used to image and analyse unmodified polystyrene nanospheres 
and those modified with TiÛ2 and Si02-Ti02. 0.5 g of the spheres was redispersed in 
20 ml ethanol via sonication at room temperature and a single drop was placed on the 
TEM sample holders (holey carbon films supported on copper mesh (300) grids, Agar 
Scientific). The samples supported on the holey-carbon grids were covered to prevent 
contamination and allowed to dry for one hour. Before being placed in the instrument vac­
uum, all grids were heated at 80 °C for 5 minutes on a hot plate to remove contamination 
and promote adhesion between sample and carbon film. The accelerating voltage was set 
to 200 kV and column vacuum was stabilised below 2.5 x 10“  ^Pa before the electron gun 
was switched on. A Hitachi 2300A scanning transmission electron micrograph (STEM) 
equipped with an EDAX Genesis XM 4 energy dispersive X-ray (EDX) detector was used.
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3.3 Thermogravimetric Analysis (TGA)
The sample is heated in either air or nitrogen to a desired temperature, and any changes in 
mass relative to the original mass are recorded as a percentage. The analyser consists of a 
high precision balance with a platinum pan loaded with the sample. This is placed in an 
oven with a thermocouple which can accurately measure the change in temperature. As the 
temperature of the sample is raised at a specific rate, the decreases in % mass correspond 
to material decomposition. Ideally the sample is ground into a fine powder to provide a 
greater surface area and even heating distribution throughout. This technique was carried 
out on the sacrificial templates only. Approximately 20 mg of the unmodified templates, 
titania modified templates and Si0 2 -Ti0 2  modified templates were placed in a platinum 
pan and heated from room temperature to 650 °C at 5 °C min"  ^ in a flowing stream of air 
at 40 ml min'^ on the TGA Q500 Series, TA Instruments.
3.4 X-Ray Diffraction (XRD)
X-ray diffraction is an excellent analytical technique which can be used to characterise 
the composition of unknown crystalline samples. Monochromatic X-rays generated from 
a CuKcKi source (A= 1.54 À) are accelerated at a sample over a range of incident angles
(9). They are scattered elastically by the electrons of the atoms in a periodic lattice and 
interfere constructively if they are in phase. Bragg's law (Equation 3.1) is used to derive 
the lattice spacings in a crystalline material by measuring the intensity of X-rays diffracted 
at each angle.
nA =  26/sin8 (3.1)
where n is an integer known as the order of diffraction, A is the wavelength of the monochro­
matic X-rays, d is the interplanar crystal spacings and 9 is the angle between the incidence 
beam and the normal to the lattice planes which reflect the X-rays [1]. Figure 3.3 demon­
strates X-ray scattering caused by the electrons of the atoms in a lattice and how measuring 
the angle of the constructively interfering X-rays is used to determine d for every crystal- 
lographic phase. Specimens are ground up into a very fine powder to ensure the grains 
are oriented randomly so that all crystallographic directions are sampled by the beam. The 
X-rays with wavelength A constructively interfere and leave the crystal at an angle of 6 between 
the incident beam and normal to the reflecting lattice plane. The intensity of the X-rays diffracted 
at each 26 angle is measured by the detector, and by using Bragg's law the interplanar spacing
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(d) can be found. The image was taken and adapted from [5]. XRD was carried out on Ti02 
and Si02-Ti02 powders produced from each template. A Phillips Panalytical PW 1830 
generator with CuKcci source was employed.
Incident
X-rays
D iffracted
X-rays
d sin
Figure 3.3: Elastic X-ray scattering in powder XRD.
3.5 X-Ray Photoelectron Spectroscopy (XPS)
XPS is a non-destructive surface technique that allows the user to identify the chemical 
composition in terms of oxidation states of the samples under analysis. It is a useful tech­
nique since it can be applied to samples where there is very little mass to work with. This 
is also complimentary with XRD and SEM-EDX as these techniques are more bulk analyt­
ical techniques allowing the user to analyse at greater depths (/im) into the samples. XPS 
however analyses only the top 1 to 10 nm of the sample surface due to the limited “escape 
distance” of the photoemitted electrons. XPS is based on the photoelectric effect, whereby 
when short wavelength electromagnetic radiation interacts with a material, electron emis­
sion is observed. This is explained by the Einstein relation hv =  I -\-E where hv is the 
energy of the electromagnetic radiation, I is the binding energy of a specific electron and E 
is the kinetic energy of the ejected electron, hv must be in excess of the threshold photon 
energy /zV q , to be capable of causing such photoemission, and X-rays satisfy this require­
ment [6,7]. These energies are specific to the energy levels from which the electrons are 
emitted and are characteristic of the material, hence one can determine the oxidation states 
of the compounds present. The electrons are generated from the sample and pass through 
a series of lenses into a hemispherical sector analyser. This consists of two hemispherical 
electrodes of radii Ri and R2 for the inner and outer electrodes respectively, separated 
by a gap between which the electrons can pass. A potential difference (AV) is applied
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across the two hemispheres and only those electrons with the correct energy (E), which is 
given by Equation 3.2, will pass through the analyser to the multi-channel detector (e is 
the charge of the electron) [7].
XPS analyses were performed on a ThermoFisher Scientific (East Grinstead, UK) 
Theta Probe spectrometer. Spectra were acquired using a monochromated A1 Ka X-ray 
source (hv = 1486.6 eV). An X-ray spot of -400 jUm radius was employed.
3.6 Ultraviolet - Visible Spectroscopy (UV-vis)
A Perkin Elmer Lambda 750 UV-vis spectrometer equipped with a 60 mm integrating 
sphere facility was used to measure the refiectance of powdered samples for electromag­
netic radiation between 200 and 900 nm at an incidence angle of 8°. Light is emitted from 
a prealigned tungsten-halogen and deuterium source and detected with a R955 Photomul-
tiplier (PMT).
Due to the powdered nature of all samples analysed UV-vis diffuse refiectance spectra 
were obtained. Diffuse refiectance spectra are often used to calculate the band-gap en­
ergy of a semiconducting material, a process which has been adopted as a standard tech­
nique [8-18]. Samples were placed in a shallow-well milled from an aluminium block 
and covered with a 1 mm thick fused-silica window which is optically transparent in this 
wavelength range, exhibiting a very high refiectance power. On reaching the sample light 
is refiected in a multitude of directions at the surfaces of the small particles in the powder. 
The refiected light is detected by thermostatted PbS, 3-stage Peltier Cooled InGaAs and 
extended-range PMT detectors. Blank corrected measurements are taken of each sample 
by measuring the refiectance of the holder and window without any sample present. The 
diffuse refiectance spectra of each sample is measured against a reference standard which 
in this case is a Spectralon ® thermoplastic plate. The detail of the integrating sphere is 
shown in Figure 3.4. A light trap is placed at the light trap port to capture any light that is 
specularly refiected so that only the true diffuse refiectance is measured. This is presented 
as a percentage of the refiectance provided by the reference and is measured as a function 
of wavelength (A= nm).
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Figure 3.4: Optical design o f the 150 mm integrating sphere. Image taken from  [19].
The Kubelka-Munk remission function F(Roo) is used to obtain electronic properties of 
Ti02 from the reflectance spectra [1,10,13,14,17,18] since it is related to the absorption 
{a) and scattering coefficients (S) of the material. This is shown by Equation 3.3).
F(Rco) = ( i - N ' a~S (3.3)
where Rco =
Rs a m p l e
^ s t a n d a r d
Roo is the reflectance of the sample relative to the reference standard. The Lambda 750 
UV-vis has a built in feature that allows one to convert the Y-axis (% reflectance) to F(Roo). 
The use of F(R°o) follows different steps depending on which literature is followed. In the 
results and discussion Chapter these various methods will be used to obtain the band-gap 
value of each powder, the values of which will be compared. The following paragraph 
identifies the differences between the approaches. According to Valencia et al. [17] once 
F(Roo) is calculated, one can plot F(Roo)  ^and F(Roo)  ^ vs hv to find the band-gap for a direct 
and indirect electronic transition respectively. The absorption coefficient a  is related to 
band-gap energy Eg by a  =  A{hv — EgY, where A is a material-specific constant and y  is 
an electronic transition-dependant value. This gives equation 3.4
F(Roo) =
( 1 — Roo)' 
2Roo
a
~S
(3.4)
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F(Roo) can be calculated for both a direct electronic transition where 7 =  and for an 
indirect electronic transition (y =  2). Therefore plots of F(Roo)^  and F(Roo): against energy 
in eV will allow one to deduce the band-gap energy of the material under investigation for 
direct and indirect electronic transitions respectively by extrapolation of the linear region 
of the graph to the axis of the abscissa [17]. The alternative approach is based on the 
Tauc plot which shows that a/zv =  A(/zv -  Eg)T", and therefore plots of [F(Rco)hv]  ^ and 
[F(Roo)hv]2 yields the band-gap energy [9,10,15,16,20]. However according to Murphy 
multiplying F(Roo) by Av makes very little difference to the actual value obtained for the 
band-gap [11]. In the work carried out by Jung and co-workers, no transformation to the 
Kubelka-Munk function was carried out, and in this article simply F(R«o) is plotted against 
Av to find the band-gap. However this does not take into account the type of electronic 
transition that is taking place [8]. Therefore plots of F(Roo) [8], F(Roo)^  and F(Roo)2 [11, 
17], [F(Roo)hv]  ^ and [F(Roo)hv]  ^ [9, 10,15,16,20] Av were done to determine the 
band-gap energies by extrapolation of the linear region of the graphs to the abscissa axis. 
These plots are produced for Ti02 and Si02-Ti02 powders produced from the sacrificial 
templates after calcination at 500°C, and the values obtained for each plot are compared 
and discussed.
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Chapter 4 
Asymmetric Titania 
- Results and Discussion
Each product obtained from the different templates were visibly characterised us­
ing scanning electron microscopy (SEM) or scanning transmission electron microscopy 
(STEM), both of which are coupled with energy dispersive X-ray analysis (EDX). X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis 
(TGA) and ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DR) were also per­
formed to provide chemical information. The results are discussed followed by a summary 
of all the data. The Chapter begins with the characterisation results of P25, which is a 
standard photocatalyst used as a comparison against most synthesised photocatalysts in 
terms of their crystallinity, crystalline phase, particle size, band-gap energy and photocat­
alytic activity. Ti0 2  and Si0 2 -Ti0 2  hollow spheres, both intact and ruptured produced 
using polystyrene nanospheres and microspheres are then characterised in terms of their 
physical size, crystallinity and crystalline phase and band-gap energy. The powders pro­
duced from the novel coating and rupturing of the carbon microspheres are then discussed 
in the same manner. Ti0 2  and Si0 2 -Ti0 2  coated glass microspheres are analysed with 
SEM-EDX, for the location and visible inspection of both layers respectively, and then 
SEM-EDX images are used to verify the removal of these layers.
4.1 Characterisation of a Standard Photocatalyst - P25
In this section the characterisation results for P25 (AEROXIDE®, Evonik, Degussa Ger- 
many) are presented and summarised. X-ray diffraction and X-ray photoelectron spec­
troscopy results are given in Figure 4.1 (a) and (b) respectively. The XRD pattern shows a 
mixed-phase structure consisting of anatase and rutile confirmed by the presence of peaks 
at 25.5° (2 8) and 27.5° (2 8), respectively. Although XRD is not strictly quantitative 
one can see that the main anatase peak situated at 25.5° (2 8) exhibits a greater intensity 
than that of the most intense rutile peak (27.5° 2 8) indicating that the sample consists
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of a greater proportion of the anatase phase. This is consistent with findings in the litera­
ture [1-9] which state that P25 is a mixed crystalline sample consisting of 70 % anatase 
and 30 % rutile. XPS confirms the existence of Ti^  ^ and O in the compound due to the 
presence of Ti 2p and Ti 2s peaks at 460 eV and 570 eV respectively, and 0  1s peak at 540 
eV. No other elements are present.
The UV-vis diffuse reflectance spectra for P25, and the Kubelka-Munk remission func­
tions used to find the band-gap (Eg) for direct and indirect electronic transitions are pre­
sented in Figure 4.2 (a - d). The reflectance shows a dramatic increase from approximately 
10 % at 300 nm to 100 % at 410 nm, where it begins to slowly decrease again as wave­
lengths become longer and approach the infra-red region (Figure 4.2 a). Using the Jung 
approach [10], F(R«o) was plotted against energy E (in electronvolts), and the linear region 
of the curve was extrapolated back to the abscissa axis giving Eg = 3.59 eV (Figure 4.2 
b). Using the Valencia method [11] F(R«,)  ^ and F(Roo)  ^ were plotted against E to give Eg 
values for direct and indirect electronic transitions of 3.74 and 3.3 eV respectively [11,12] 
(Figure 4.2 c). The final method for band-gap determination is to plot [F(Roo)Av]  ^ and 
[F(Roo)/zv]5 against E [13-17]. These plots are shown in Figure 4.2 (d) and yield Eg val­
ues of 3.77 and 3.3 eV for direct and indirect band-gap transitions respectively. This shows 
that indeed multiplying F(Roo) by hv does not make much of a difference to the calculated 
band-gap values [12]. Interestingly the direct transition plot in Figure 4.2 (d) exhibits two 
linear regions that can be extrapolated making it difficult to deduce the correct band-gap. 
Another interesting observation is that the band-gap obtained from plotting F(R«o), 3.59 
eV, is actually between the values obtained by plotting F(R«)^ and F(Roo)2 . Hence F(R«o) 
provides a mean value which does not distinguish between the direct and indirect band- 
gap. The nature of the lowest electronic transition allows one to classify a semiconductor 
as direct or indirect. When the lowest part (in energy) of the conduction band is positioned 
in terms of vectors in space directly above the highest point of the valence band a direct 
transition can occur whereby the photon provides enough energy to promote an electron 
from VB to CB. When the top of the valence band edge (the highest occupied energy state) 
is not directly below the bottom of the conduction band edge (the lowest unoccupied state) 
a change in momentum of the excited electron is required for it to be promoted to the con­
duction band via photon absorption. This is provided by the absorption (or emission) of a 
phonon. This is an indirect transition and usually occurs at lower energies [18,19]. There 
is some discrepancy in the literature regarding the band-gap energies of Ti0 2  and whether 
transitions occur directly or indirectly [11,20-22], however these particular studies only 
examine pure phase Ti02. Jung and Kim found a band-gap value for P25 at 3.24 eV by
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Figure 4.1: XRD (a) and XPS (b) patterns for P25.
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gFigure 4.3: SE and TE images taken using STEM to show unmodified polystyrene
nanospheres used as sacrificial templates.
plotting F(Roo) against energy. Using the same method, Figure 4.2 (b) produced Eg = 3.59 
eV. These discrepancies may be due to instrumental differences, the type of reference used 
and the form in which the titania is measured (powdered vs him). As indicated above a plot 
of F(Roo) against energy yields an Eg value that is averaged between a direct and indirect 
transition and therefore this does not provide a differentiation between the two. There is 
also evidence that plotting F(Roo)  ^does not yield a different value of band-gap than if one 
plotted [F(Roo)/zv]^, as shown by the barely noticeable difference in Eg between Figure 4.2 
(c) and (d) (3.74 eV and 3.77 eV respectively). Therefore for all subsequent samples only 
the Valencia plots of [F(Roo)]  ^ and [F(Roo)]2 [11] will be used.
4.2 Characterisation of Products using 
Sacrificial Templating
4.2.1 Polystyrene Templates
4.2.1.1 Polystyrene Nanospheres
Sulphate-stabilised polystyrene nanospheres were synthesised using a surfactant free emul­
sion polymerisation method taken from [23], which has been described in detail in chapter 
2 section 2.3.1.1. In brief this was carried out by dispersing the styrene monomer in water 
containing potassium sulphate initiator, and then re fluxing at 70°C under nitrogen for 12 
hr. SE and TE images of these unmodified spheres are shown in Figure 4.3. One can see 
that average diameters are approximately 930 nm.
Four different syntheses were compared for the formation of titanium dioxide hollow
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spheres using polystyrene nanospheres as templates, and were adapted from the literature 
[23-25]. These methods are now described.
a. 1 g sulphate-stabilised polystyrene was added to 30 ml EtOH and sonicated
for 30 minutes. 2 ml of TBOT were then added and samples were sonicated 
for 1 hr at room temperature to allow full adsorption of the titania precursor 
at the surface of the polystyrene core. Samples were then centrifuged, the 
supernatant removed, and powders dried in air overnight [23].
b. 2 g of polystyrene were added to 30 ml EtOH containing 0.5 g PVP and
sonicated for 30 mins. 2.5 ml TBOT were added and samples were sonicated 
for 1 hr. Samples were then centrifuged and the powder dried in air overnight 
[24].
c. 2 g polystyrene were added to 30 ml ethanol containing 0.5 g PVP, and soni­
cated for 30 mins. Then 2.5 ml TBOT were added under vigorous stirring for 
30 minutes. 0.1 ^1 of water in 5 ml EtOH were then added drop-wise under 
vigorous stirring to form a thicker Ti0 2  coating v/a hydrolysis and condensa­
tion reactions. Samples were sonicated for 30 minutes then centrifuged and 
redispersed in ethanol three times, then dried in air overnight [24].
d. In a test-tube 1 g sulphate-stabilised polystyrene was added to 30 ml ethanol 
containing 1 g PVP and sonicated for 30 minutes. Then 4 ml TBOT were 
added and the test-tube was capped and aged at 100°C for 1.5 hr. After 
quenching in cold water, the samples were centrifuged and redispersed into 30 
ml water three times. Powders were finally redispersed into 30 ml ethanol by 
sonication, then separated with centrifugation, and dried in air overnight [25].
Figme 4.4 shows SE, TE and ZC images of Ti02 spheres prepared by each method after 
removal of the template through calcination at 500°C with a heating rate of 5°C min"L 
Extraneous spherical-type particles are found on the surface of the spheres produced using 
coating methods (c) and (d), whereas in methods (a) and (b) the surfaces produced are 
smooth in terms of Ti02 loading. In the latter two coating methods, water is also added 
during the synthesis. In coating method (c), deionised water is added dropwise to the 
mixture of titania precursor in ethanol, forming amorphous Ti0 2  nuclei throughout the 
liquid media. In coating method (d) the precursor is adsorbed onto the surface of the 
template in anhydrous conditions, and then separated from the solution v/n centrifugation. 
The coated spheres are then redispersed into water which reacts with the adsorbed titania
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precursor to form amorphous nuclei. These seem to both remain on the surface of the 
spheres and become redispersed into the solution. In methods (a) and (b) no water is 
involved in the synthesis. The precursor is allowed to adsorb on the surface of the template 
in anhydrous solvent conditions. Then the solvent is removed and the particles are allowed 
to dry in air. Only those precursor molecules that are adsorbed on the surface of the 
polystyrene can react with the moisture in the air therefore forming a smooth continuous 
film over the template surface.
Energy dispersive X-ray (EDX) analysis confirms the presence of both silica and ti­
tania in the shell for doubly-coated composite hollow spheres, and are depicted in Figure 
4.5 with the corresponding ultra-high resolution TEM micrographs of the edges of the 
spheres. These images can only confirm the presence of both silica and titania in the same 
areas on the map, but one cannot however definitively say that the inner shell corresponds 
to Ti0 2  while the outer shell comprises Si0 2 , as there is no distinct edge at the interface 
of the two layers.
The effect of heating rate on rupture formation was also investigated. These doubly- 
coated polystyrene nanospheres were calcined at ten times the original rate (50°C min^  ^
as opposed to 5°C min^') to 500°C. The variation in heating rate did not seem to cause 
any extra rupturing in the shell of the hollow spheres during thermal decomposition of 
the polystyrene template. In further attempts to cause these hollow spheres to break up 
into asymmetric platelets, samples were ball milled at high amplitude for 30 minutes or 
sonicated in ethanol at room temperature for 30 minutes. Both of these procedures had 
no effect on the double shell hollow nanospheres. It is speculated that extreme pressures 
would be required to break up spheres of such small diameters (< 1 jUm), and ball milling 
is usually employed in the pigment industry to form particles of this size from larger ag­
gregates. During sonication, cavities are formed in the liquid phase which contain extreme 
pressures and as they collapse, the pressure is released. However, due to the porous struc­
ture of the nanospheres it is thought that ethanol molecules are able to diffuse quickly 
through the shell layers on cavity collapse and therefore does not cause rupturing.
All analyses to follow are given for samples produced using the first coating method 
due to the uniformity of the titania layer, and lack of secondary titania particles at the 
surface of the spheres. Thermogravimetric analysis results for unmodified polystyrene 
spheres, titania coated nanospheres and silica-titania coated polystyrene nanospheres are 
given in Figure 4.6. For unmodified spheres almost complete template breakdown is seen 
at 500°C leaving no significant amount of residue. The polystyrene nanospheres seem to 
decompose in two stages, the first beginning at 280°C which incorporates the major mass
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Figure 4.4: SE, TE and ZC images o f hollow TiOj nanospheres prepared using the four different 
synthesis methods (a - d in Chapter 2 Section 2.3.1.1) for coating polystyrene nanospheres. These 
samples have been calcined at 500°C to remove the organic template.
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Figure 4.5: TEM images and the corresponding Ti and Si EDX maps fo r hollow silica-titania 
spheres templated on polystyrene nanospheres that have been calcined at 500°C, and synthesised 
using the four different titania-coating methods (a - d).
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loss of approximately 93 %, and the second seen at 450°C resulting in a further 5 % mass 
loss, resulting in 2% residue. Since results are only quantitative and not qualitative one 
cannot say exactly what the decomposition products are or what gases are given off during 
the heating process. However one can compare to results found in the literature. Ac­
cording to Mathew and co-workers polystyrene degradation begins at 250°C and occurs in 
one rapid step, resulting in the formation of products such as styrene, toluene and methyl 
styrene [26]. This degradation profile was similar to those found elsewhere [27], and the 
final mass loss at 450 °C could be due to CO2 or CO formation. When Ti02 is deposited 
on the surface, weight steadily decreases due to water losses and then follows the typi­
cal polystyrene profile by dramatic weight losses between 300 and 350°C. At 500°C 5 % 
residue is left, indicating a deposition of Ti02 of 3% by weight on each sphere, since the 
other 2% comprises residue from the organic template. As the temperature rises weight % 
steadily increases ever so slightly indicating oxidation of the crystalline titania as anatase 
to rutile transformation takes place. When silica and titania are deposited on to the tem­
plates, 30% residue is left at 500°C. Both titania and silica-titania samples follow a similar 
breakdown profile to unmodified nanospheres.
X-Ray diffraction patterns for hollow titania nanospheres and silica-titania composite 
hollow spheres that were produced by calcination at 5°C min"  ^ to 500°C are given in Fig- 
ure 4.7 (a). Sharp rutile and anatase peaks appear in the titania-only modified polystyrene 
nanospheres indicating a mixed-phase crystalline structure. The most intense anatase peak 
situated at 25° 2 0 is approximately four times higher than that of the rutile phase (27° 2 
0) indicating there is a greater percentage of anatase. This profile is very similar to that 
of P25 (see Figure 4.1 b). When silica is deposited on to these titania coated spheres an 
amorphous pattern is produced. The amorphous silica coating masks the titania signals 
and no rutile or anatase peaks are observed. XPS survey spectra for Ti02 and Si02-Ti02 
hollow spheres are given in Figure 4.7 (b). The Ti 2p and 2s peaks (470 eV and 575 eV 
respectively) disappear in the silica-titania spectrum, and Si 2s and 2p peaks situated at 
105 and 155 eV respectively make themselves apparent. This indicates that there is little to 
no Ti0 2  present in the top 10 nm of the surface of Si0 2 -Ti0 2  double shell hollow spheres.
The UV-vis diffuse reflectance spectra and Kubelka-Munk transformations are shown 
for titania only and silica-titania hollow spheres templated on polystyrene nanospheres, 
and calcined at 500°C (Figure 4.8 a - c). When silica is deposited on top of the titania layer 
there seems to be a significant effect on Eg values, which is blue-shifted to higher energies. 
The direct band-gap is increased from 3.6 eV Ti02 hollow spheres to 4.0 eV for composite 
hollow spheres. An increase in the indirect band-gap from 3.15 eV to 3.5 eV is also seen.
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According to Mayhar and co-workers [13] a small increase in band-gap energy from 3.2 to 
3.33 to 3.35 eV for 0 %, 20 % and 40 % silica doping respectively in powdered mixtures of 
silica and anatase-only Ti02 nanoparticles was seen. The conclusion was drawn that this 
phenomenon was due to the reduction in primary particle size [13]. This is known as the 
quantum-size effect where smaller primary particles leads to more discrete energy levels 
at the expense of possessing continuous band characteristics. This leads to larger gaps 
over which the electronic transitions take place [13]. In the case of the inorganic hollow 
spheres which consist of two distinct layers, one being amorphous silica, the other being 
mixed phase anatase - rutile crystalline Ti0 2 , the chemical interactions in the interface 
between these two layers must be considered [28,29]. Gartner and co-workers prepared 
silica-supported anatase-titania powders with varying Ti02 percentages (4, 13, 36 and 50 
% by weight) which were calcined at 500 °C. With lower titania loadings came greater 
blue-shifts in Eg for indirect transitions compared to unsupported Ti0 2  powders which 
exhibited an indirect band-gap energy of 3.15 eV. At 4 % Ti02, a band-gap of 3.42 eV 
was measured, an increase of 0.27 eV. This blue-shift was thought to originate from the 
Ti-O-Si linkages, and XPS measurements confirmed a shift in O Is and Ti 2p peaks to 
higher binding energies, yielding greater band-gaps [28]. The lower the titania loading, 
the greater percentage of Ti-O-Si linkages can form leading to a greater blue-shift in Eg. 
Figure 4.9 shows XPS spectra for the O Is peak in Ti02 hollow spheres and Si02-Ti02 
hollow spheres. One can see that the O Is peak is shifted to higher binding energies in the 
double-shell spheres by an increase of 3.6 eV.
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4.2.1.2 Polystyrene Microspheres
SEM-EDX images of unmodified, Ti02 (amorphous)-coated and Si02-Ti02 (amorphous)- 
coated polystyrene microspheres pre-calcination, are shown in Figure 4.10. The porous 
rough surface of unmodified polystyrene microspheres is shown by the high resolution 
micrograph in Figure 4.10 (la). Figure 4.10 (2a) shows a high resolution image of the 
amorphous Ti02 film on the surface of the microspheres. The coating does not form 
a smooth continuous layer, but is broken up into islands, confirmed by the EDX maps. 
When the polystyrene spheres are placed in the anhydrous ethanol, the surface is likely 
to swell due to absorption of the solvent molecules in the porous structure. The titania 
precursor is largely hydrophobic due to the four butyl chains, allowing physisorption at 
the hydrophobic polystyrene surface in a stacked manner. When the non-adsorbed TBOT 
and ethanol are removed the particles are dried in air and hydrolysis and condensation of 
the precursor occur at the surface of the polystyrene, forming the amorphous Ti0 2  network 
[30]. As this occurs and the particles dry, butanol and ethanol evaporate from the surface 
and the polystyrene spheres contract. This contraction may also occur when the samples 
are placed in the SEM vacuum. The small spherical structures found on these islands, and 
in some cases spanning across two separate islands could be contamination from the high 
energy electron beam that is hred at the samples during SEM analysis. These indicate that 
the him can exist as a continuous layer before it is placed in the vacuum system of the 
SEM. Figure 4.10 (3a - d) show high magnihcation images and corresponding EDX maps 
for a silica-titania doubly coated polystyrene microsphere before calcination. Islands are 
still present and many spherical structures are seen on the surface. EDX shows that the 
islands are made up of both Si and Ti, and the gaps between the islands consist of only 
C. The silica-titania layer must be thick enough to mask the carbon signal from reaching 
the detector, which is not the case for titania-only coatings as seen in 4.10 (2a - c). If the 
titania coating did not form a continuous layer before silica is deposited then one would 
expect silica to hll the breaks between the titania islands. However cracks are seen in 
the silica-titania coated samples too, also indicating this occurs when placed in the SEM 
vacuum.
Figure 4.11 shows SEM-EDX images for silica-titania doubly coated spheres post cal­
cination. Platelets were easily formed by crushing the hollow spheres and mounting the 
powder onto the SEM stubs. These platelets exhibit different shapes and sizes and EDX 
analysis shows that they consist of both silica and titania. . It is difhcult to tell from these 
images if the silica and titania exist as two separate layers. High magnification images 
with corresponding EDX maps are shown in Figure 4.11 (2a - c). These pictures do not
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20 pm ( la )  SEM im a g e
im a g e (2 c  TI EDX(2b  C EDX
10 pm (3a )  SEM Im ag e (3b) C EDX
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F ig u re  4 .1 0 :  High resolution SE M  images and  their corresponding E D X  m aps o f  the meso- 
poroiis surface o f  unm odified polystyrene microspheres ( la ), titania (am orphous)-coated  spheres 
(2a - c), and  silica-titania (am orphous) coated  spheres (3a - d) pre-calcination.
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allow one to identify a distinct interface between the two layers. However in Figure 4.11 
(2b) one can see a strong Ti signal on the right side of the image indicating that Ti is on 
the inner side of this platelet. The Si signal in Figure 4.11 (2c) is weak in comparison 
therefore indicating its presence on the outside of the platelet.
100 pm ( la)  SEM image (Ib)Ti EDX ( 1 0  Si EDX
20 pm (2a) SEM image (2b) Ti EDX (2c) Si EDX
Figure 4.11; Low  ( la  - c) and high (2a - c) m agnification SE M -E D X  images fo r  S i02-T i02  
asym m etric p la telets produced from  calcination o f  doubly coated m acroporous polystyrene m icro­
spheres.
X-ray diffraction and X-ray photoelectron spectroscopy were both carried out on Ti02 
hollow spheres and SiO^-TiO] intact hollow spheres. Patterns are given in Figure 4.12
(a). The XRD patterns show clearly that the TiÛ2 hollow spheres consist of both anatase 
and rutile crystalline structures, with a higher anatase content. When the silica is then 
deposited, the titania pattern is suppressed and at 500°C just one large broad peak is given 
at ~ 25° (2 0). This result is similar to that found by other research groups [24,31,32] and 
confirms the existence of amorphous silica deposited on top of the titania layer. During 
XPS analysis, several spectra were collected from spots on the outside of those spheres 
that had not been crushed (were intact) in each sample to demonstrate this double shell 
layered structure. As the image in Figure 4.12 (b) shows the Ti 2p and 2s peaks at 460 
and 570 eV disappear in the composite spectra, and one can see two Si peaks that appear
CHAPTER 4. ASYMMETRIC TITANIA
- RESULTS AND DISCUSSION
84
at lower binding energies (100 and 150 eV for Si 2s and 2p peaks respectively), indicating 
that the outermost 1 to 10 nm of the shell consists of silica only.
Figure 4.13 (a) depicts the UV-vis DR spectra for Ti02 crushed spheres, and Si02- 
Ti0 2  asymmetric platelets produced using polystyrene microspheres as sacrihcial tem­
plates. One can see by comparing the two that the presence of silica provides a much 
higher reflectance at 400 nm (68 %) compared to the Ti02 powder (57 %) indicating an 
increase in band-gap energy. Kubelka-Munk functions were used to convert UV-vis DR 
spectra for band-gap energy extractions for both titania and silica-titania hollow micro­
spheres that had been crushed into a powder, and therefore the hollow spheres were no 
longer intact. These are shown in Figure 4.13 (b) and (c) for direct and indirect calcu­
lations respectively. There is a blue-shift in for direct electronic transitions from 3.4 
eV for titania samples to 3.84 eV for silica-titania platelets. This increase in band-gap is 
consistent with other findings in the literature regarding powders consisting of Si0 2 -Ti0 2  
composites [13,28,33]. When titania has been deposited on silica-gel particles, it has been 
shown that a shift in the O Is peak to higher energies occurs in the XPS signal [28,29]. 
This has been speculated to be caused by formation of Ti-O-Si bonds at the interface be­
tween the two compounds. Figure 4.14.
A reverse coating was also made on these microspheres whereby silica was deposited 
first, then the titania shell was formed. As with the other samples these were then heated to 
500°C at 5°C min^k SEM-EDX images are shown in Figure 4.15. Silica does not seem to 
form a good coating when directly deposited on to the surface of these polystyrene micro­
spheres, and hence on heating the spherical shape is not retained, leading to melted spheres 
shown in Figure 4.15 (la-c). Silica is deposited via hydrolysis and polycondensation of 
tetraethyl orthosilicate (TEOS) by water and ammonia in ethanol. This forms amorphous 
silica nuclei which grow into nanoparticles. Due to the hydrophilic nature of silica, these 
nuclei cannot interact well with the highly hydrophobic surface of the polystyrene micro­
spheres and therefore do not deposit as a thick shell.
4.2.2 Carbon Microspheres - Novel Templates
Carbon spheres with diameters ranging from 75 ^m to 250 jUm were investigated as a 
novel sacrificial template for the production of asymmetric Si02-Ti02 platelets. Four 
different syntheses were used to form titania coated carbon microspheres based on similar 
methods described in the literature which used polystyrene spheres as templates [23-25]. 
The methods used in this work are now detailed.
a. 1 g of carbon microspheres was added to 30 ml EtOH and sonicated for 30
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minutes. 2 ml of TBOT were then added and samples were sonicated for 1 hr 
at room temperature to allow full adsorption of the titania precursor at the sur­
face of the polystyrene core. Samples were then centrifuged, the supernatant 
removed, and powders dried in air overnight [23].
b. 2 g of carbon microspheres were added to 30 ml EtOH containing 0.5 g PVP 
and sonicated for 30 mins. 2.5 ml TBOT were added and samples were son­
icated for 1 hr. Samples were then centrifuged and the powder dried in air 
overnight [24].
c. 2 g carbon microspheres were added to 30 ml ethanol containing 0.5 g PVP, 
and sonicated for 30 mins. Then 2.5 ml TBOT were added under vigorous stir­
ring for 30 minutes. 0.1 /il of water in 5 ml EtOH were then added drop-wise 
under vigorous stirring to form a thicker UO 2 coating via hydrolysis and con­
densation reactions. Samples were sonicated for 30 minutes then centrifuged 
and redispersed in ethanol three times, then dried in air overnight [24].
d. In a test-tube 1 g carbon microspheres was added to 30 ml ethanol containing 
1 g PVP and sonicated for 30 minutes. Then 4 ml TBOT were added and the 
test-tube was capped and aged at 100°C for 1.5 hr. After quenching in cold 
water, the samples were centrifuged and redispersed into 30 ml water three 
times. Powders were finally redispersed into 30 ml ethanol by sonication, 
then separated with centrifugation, and dried in air overnight [25].
These methods were compared in terms of particle morphology and shell thickness, how­
ever it seemed that all samples were produced with similar characteristics. Therefore all 
characterisation results are discussed for samples produced using coating method (a) only.
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SEM images in Figure 4.16 shows TiO]-coated carbon microspheres that have been cal­
cined at 500°C for 3 hr at a heating rate of 5°C m in"\ As one can see the titania forms a 
non-smooth, inconsistent patchy coating on the surface of the carbon sphere core. These 
images also show that the carbon templates have not been completely thermally degraded, 
indicating 500°C is not a significant enough temperature to cause template removal. Fig­
ure 4.16, images (2a - d) show Si02-Ti02 doubly coated carbon templates that have been 
heated to 500°C. EDX analysis indicates silica and titania are both present in the same ar­
eas of each map. As one can see the sample consists of a mixture of spheres and platelets 
due to the incomplete breakdown of the carbon template at this calcination temperature. 
A lower magnification image for the same sample is given in Figure 4.17, where the mix 
of spheres and platelets can be more easily discerned.
100 pm ( la )  SEM image ( lb )  Ti EDX
150 pm (2 a ) SEM im a g e (2b) Ti EDX ( 2 c )  Si EDX
F ig u re  4 .1 6 :  SE M -E D X  micrographs o fT iO i spheres ( la  - b) and  S i02 -T i02  com posite spheres 
(2a - c), produced using coating m ethod (a). These sam ples have been calcined a t 5°C min~^ to 
500°C  fo r  3 hr, which is apparently no t a sufficient temperature to cause therm al degradation o f  
the carbon m icrosphere template.
Thermogravimetric analysis (TGA) data of unmodified carbon spheres, titania coated 
spheres and silica-titania coated spheres prepared using the first coating technique are 
given in Figure 4.18. Samples were heated at 5°C min~* from room temperature to 650°C 
and the percentage weight loss was recorded. All samples showed an initial decrease in 
mass as temperatures approached 100°C corresponding to water loss. For unmodified
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Figure 4.17: Low  m agnification image fo r  5/02-7702 doubly coated  carbon spheres heated  at
spheres almost 100 % mass loss is seen at 620°C. This could be due to the oxidation of 
the carbon core into CO and CO2 , which begins at 500°C. Interestingly, when titania is 
coated onto the spheres, breakdown of the template occurs below 500°C leaving 10 % 
mass behind. Conversely the deposition silica and titania onto the carbon surface, thermal 
degradation occurs between 450 and 550°C. This indicates with a double-shell coating 
that 500°C is not a high enough temperature to induce complete template removal to form 
hollow spheres. This is consistent with the low magnification image in Figure 4.17 in 
which some spheres appear to be broken down leaving platelet-type formations and others 
remain intact.
X-ray diffraction patterns and XPS spectra for powders consisting of TiÛ2 and of the 
Si02"Ti02 mixture, produced from coating carbon microspheres and calcining at 500°C 
are given in Figure 4.19 (a) and (b) respectively. For the Ti02 sample peaks can be found 
that correspond to those from pure anatase and rutile XRD patterns, indicated by a clear 
overlap with the two main peaks found at 25° (2 0) and 27° (2 0) for these two phases re­
spectively. From the literature a calcination temperature of 500°C would promote anatase 
to rutile transformations, giving a mixed-phase sample [34-37]. When the silica coating 
is deposited many peaks are no longer sharp which indicates an amorphous product, al­
beit with some peaks corresponding to anatase. This indicates that the sample comprises 
a higher percentage of silica than crystalline titania, which is consistent with the images 
depicted in Figure 4.16, since is seems the titania precursor has a lower affinity for the 
carbon surfaces than silica. XPS survey spectra for powders consisting of Ti02 only, and 
Si02-Ti02 are shown in Figure 4.19 (b). Ti'^ ’*' peaks situated at 460 eV (Ti 2p) and 570 eV
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(Ti 2s) are clearly visible in the titania modified samples. However when the amorphous 
Si02 layer is deposited, these Ti peaks disappear to be replaced by peaks corresponding 
to Si at 100 eV (Si 2p) and 150 eV (Si 2s). This indicates the silica is deposited on top of 
the titania layer, or that no titania is present in that particular area chosen for analysis.
UV-vis DR results are shown in Figure 4.20. The diffuse reflectance spectra for cal­
cined titania-modihed spheres shows a dramatic increase from 10 % at 350 nm to 60 % 
at 4(X) nm. After this there is a steady rise in reflectance as wavelengths increase. For the 
Si0 2 -Ti0 2  powder reflectance is at a minimum of 10 % between the wavelengths of 220 
and 380 nm. Either side of this window there are dramatic increases in reflectance up to 60 
%. Between 380 and 9(X) nm the profile follows a similar pattern to that of the Ti02 pow­
der. However the presence of the silica layer causes a dramatic increase in reflectance at
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wavelengths shorter than 220 nm. Band-gap energies are calculated by plotting [F(Roo)]  ^
and [F(Roo)]  ^ for direct and indirect transitions respectively, and extrapolating the linear 
region of the graph to the abscissa axis [11]. The plots of which are given in Figure 4.20 
(b) and (c) for direct and indirect transitions respectively. One can see from these plots 
that the presence of silica seems to have very little effect on Eg compared to titania only 
samples. The direct band gap for TiO] samples is 3.4 eV and that of Si02-Ti02 samples 
is 3.35 eV (see Figure 4.20 b).
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4.3 Characterisation of Products using 
Non-Sacrificial Templates
4.3.1 Glass Beads
Glass microspheres were employed as a reusable non-sacrihcial template. SEM-EDX 
images of glass microspheres coated with an amorphous and crystalhne layer of Ti0 2  
are given in Figure 4.21 (la - 2b) and (3a) and (3b) respectively. These images show 
those spheres before and after heating to 500°C. The amorphous T1O2 coating covers 
more of the glass surface before the calcination step. When the spheres are heated to 
500°C, the coating contracts and forms thicker aggregates that occupy smaller regions on 
the glass surface (compare la with 3a). This particle aggregation is typical of Ti02 on 
heating [34,38]. The effects of depositing silica on to these microspheres that are coated 
with crystalline Ti02 is shown in Figure 4.21 (4a - c), by SEM-EDX analysis. Sihca forms 
nanoparticles that give the titania platelets a grainy appearance.
X-ray diffraction patterns and X-ray photoelectron spectra for glass microspheres that 
have been coated with Ti02 and with Si02-Ti02 after calcination are given in Figure 4.22 
(a) and (b) respectively. The XRD pattern for calcined Ti02 coated spheres shows the 
existence of anatase peaks only, with no evidence of the rutile phase. Due to the nature 
of the sample, the pattern is dominated by the amorphous silica from the bulk of the glass 
spheres. However, there is evidence of the anatase phase that exhibit low intensity peaks 
with respect to the intense amorphous silica background, and appear at 25.5°, 38°, 48.5°, 
54.2° and 55.5° (2 8). The Si02-Ti02-coated spheres show a similar profile indicating 
either incomplete coverage, or a very thin silica layer. XPS spectra for Ti02-coated and 
Si02-Ti02 coated glass microspheres are given in Figure 4.22 (b). This spectra supports 
the notion that the outer layer consists of silica and inner layer consists of Ti02. The 
sodium peak in the titania-only sample present at 490 eV indicates that some sodium ions 
have diffused from the glass substrate into the Ti02 layer during calcination [39]. This has 
been shown to have a detrimental effect on the photocatalytic activities of titania powders 
produced during calcination of an amorphous layer on a glass substrate. Studies have been 
carried out which show that borosilicate and quartz are both better substrates to use than 
soda-lime due their lower sodium content [39]. This was demonstrated by the reduction in 
the photodecomposition rate of methylene blue by powders produced on soda-lime glass 
substrates [39].
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4.3.1.1 Removal
The removal of the coatings was investigated for double-coated glass beads after calcina­
tion at 500°C. Sonicating 1 g of these spheres in 10 ml anhydrous ethanol for 30 mins 
was one technique that was employed. A single drop of the solution was placed directly 
on to an aluminium stub, coated with a 2 nm gold layer and analysed with SEM-EDX, 
this technique was also employed to analyse the "clean" surface of the glass spheres to 
show whether the coating had been removed or not. All images are given in Figure 4.23. 
Sonication clearly removes the coating from the surface of the glass-spheres, and hence 
is a good technique to adopt to clean the template, as only traces of TiO] are found with 
EDX. However, the coating is not removed in platelet form but is broken up into a col­
loidal type solution, rendering it difhcult to establish if the titania particles are in half-half 
existence with the silica deposits. Si0 2 -Ti0 2  coated glass beads were placed in a ball mill 
and milled for 30 minutes in an attempt to smash the coatings off the templates whilst still 
retaining their asymmetric characteristic. The samples were then sieved through a 30 ^m 
aperture and the powder collected. SEM-EDX was employed to analyse glass beads be­
fore and after the sieving process and any powder obtained this way. Images are given in 
Figure 4.24 (la  - 2 ). Ball-milling breaks the glass microspheres into smaller pieces and in 
some cases breaks off glass from the microsphere surfaces, hence is not a good technique 
for coating removal and asymmetric platelet formation. The heating / rapid cooling tech­
nique also did not seem successful in platelet removal. No powder was formed during this 
method and so the surface of the spheres themselves were analysed vm SEM-EDX (see 
Figure 4.24 3a - c). These images show an aggregation effect of the silica-titania layer 
on the surface of the glass microspheres, and in fact show no real change to the sample 
surface before this technique is carried out.
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Figure 4.23: SE M  images with corresponding E D X  m aps o f  liquid droplets from  sonicated  
S iO j-T iO j coated  glass m icrospheres ( la  and b) and the surface o f  these spheres a fter sonication  
fo r  30 m inutes (2a and  b).
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Figure 4.24: SE M -E D X  analyses o f  the ball-m illed glass spheres before ( la  and  b) and  after  
(2) sieving through a 30 p m  aperture. Glass m icrospheres that have been treated with the heating  
and rapid cooling m ethod  are also show n (3 a - c).
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4.4 Summary
The formation of double-shell silica-titania hollow spheres was investigated using various 
templates. Polystyrene nanospheres and microspheres could be successfully coated with 
a uniform layer of Ti02 and then Si02 through simple wet-chemical methods. These tem­
plates were then easily removed by heating to only 500°C to form hollow double-shell in­
organic spheres. Polystyrene microspheres were easily ruptured by compression, forming 
asymmetric titania platelets. The nanospheres could not be ruptured through ball-milling 
or sonication due to their small diameters. The carbon microsphere templates were not 
fully removed at 500°C, which prevented formation of the double-shell hollow inorganic 
spheres and therefore asymmetric platelets could not be produced. The carbon sphere sur­
faces do not seem too compatible with the titanium dioxide precursor and hence no strong 
adsorption takes place leading to a patchy surface coverage. Higher temperatures must 
be reached to cause sufficient carbon sphere bum off, which would result in anatase to 
mtile phase transformations [34-37]. Although mixed phase samples are considered to 
exhibit higher photocatalytic efficiencies than single anatase phase samples [40,41], this 
only applies to mixed phases which exhibits an approximate ratio of 70 % anatase : 30 
%:rutile [42]. To completely thermally decompose the carbon template higher tempera- 
tures potentially above 650°C would be required to achieve hollow silica-titania double 
shell spheres. This would cause further anatase to rutile phase change, increasing the ru­
tile content and therefore decreasing photocatalytic activity [34—37]. A greener approach 
to forming asymmetric platelets was then adopted by use of a non-sacrihcial template; 
glass microspheres. The titania layer was first deposited using a simple wet adsorption 
technique, which was then followed by silica coating. The presence of each layer was 
confirmed by SEM-EDX and XPS, and the ease of removal of the double-shell coating 
to form asymmetric platelets was investigated using three techniques. The first technique 
encompassed sonicating the coated glass spheres in ethanol, which removed the coatings 
but caused formation of a colloidal solution as opposed to platelets. The second technique 
involved ball-milling, which both removed the coating, but also broke up the glass spheres 
into smaller particles. Finally the doubly coated glass spheres were heated to 500°C and 
rapidly cooled by plunging into liquid nitrogen, which proved to be an unsuccessful re­
moval method.
The band-gap energies for all synthesised materials were measured using UV-vis dif­
fuse reflectance spectra and calculated using the Kubelka-Munk transformations described 
in the literature, the values for which are collated in Table 4.1. Although this method al-
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Material Kubelka-Munk Band-Gap (eV)Direct Indirect
100 % Anatase 3.29 3.22
100 % Rutile 3T5 3.0
P25 3.74 3.3
Ti02 Carbon 3.4 3.0
Si02-TiÜ2 Carbon 3.35 ^05
Ti02 Polystyrene Nanospheres 3.6 116
Si02-Ti02 Polystyrene Nanospheres 4.0 3.5
Ti02 Polystyrene Microspheres 3.4 3.05
Si02-Ti02 Polystyrene Microspheres 3.85 3.25
lows one to calculate and compare band-gaps for a variety of powdered samples, it is most 
certainly not ± e  most accurate of methods due to the vagueness of the extrapolation to 
± e  x-axis. There seems to be varied opinions as to whether Ti02 undergoes direct or in­
direct electronic transitions. In [43], Fujishima gt a/, simply state that Ti02 exhibits an 
indirect band-gap. Valencia gr a/, claim that a direct band-gap of 3.7 eV is unrealistic for 
sol-gel synthesised titania, and therefore those samples must undergo indirect electronic 
transition [11]. On the other hand Tunc and co-workers assumed their synthesised Ti02 to 
undergo indirect electronic transition [15] and obtained a band-gap of 3.7 eV by plotting 
[F(R)hv]^, for a sol-gel synthesised thin Ti02 him deposited on a 100 nm Au layer. Ac­
cording to the claim made by Valencia gf aZ. [11] this band gap is too large, and perhaps 
direct electronic transitions occur. Mahyar and co-workers found that a silica-titania com­
posite containing anatase phase only with 40 % silica annealed at 500 °C exhibited a direct 
band-gap of 3.35 eV by plotting [F(R)Av]^ [13]. They did not however determine a band 
gap for indirect transitions. Hasan and co-workers obtained an indirect and direct optical 
band-gap of 3.40 and 3.72 eV respectively [17] for a thin him annealed at 500 °C. For this 
work (Table 4.1) those compounds templated on carbon exhibit lower Eg than compounds 
using the other templates. This is most likely due to the presence of the carbon black 
template which was not fully decomposed at 500°C, and as the name suggests, is a visible 
light absorber over the entire spectrum. The general trend shows that on silica deposition 
the band-gap is blue shifted and increases in energy. This is consistent with other hndings 
in the literature [13]. According to this work the direct band-gap for P25 is 3.74 eV and
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the indirect is 3.3 eV. The band-gap energies for nanoparticulate single-phase anatase and 
rutile samples were also measured using the same method and the indirect values (3.22 
and 3.0 eV respectively) are in excellent agreement with those quoted in the literature (3.2 
and 3.0 eV) [43]. From this data it seems that band-gap energies are dependant on the 
phase, crystallinity, crystallite size and physical form in which the titania is analysed.
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Chapter 5
Photocatalysis
When illuminated with ultraviolet light, Ti02 particles generate charge-carriers that are 
able to interact with surface adsorbed species. These electron-hole pairs become trapped 
by oxygen and water molecules forming superoxide (O2 " ) and hydroxyl ( OH) radicals. 
These cause further chain reactions in organic molecules also found at the surface, pro­
viding a possible route to removal of contaminants from both air and waterways. This 
chapter focuses on the photocatalytic breakdown of toluene in a controlled laboratory en­
vironment. All powdered samples synthesised in this work were tested in terms of their 
photocatalytic activity towards toluene removal from a flowing air stream. Ti0 2  and Si0 2 - 
Ti0 2  samples produced from coating the sacrificial templates (polystyrene nanospheres, 
polystyrene microspheres and carbon microspheres) were deposited onto a glass substrate 
in both powdered form and incorporated into a polyvinyl acetate mock paint him. The 
coated substrates were loaded into a glass-plate reactor, and air contaminated with toluene 
was passed over the surface of the samples. Variations in the partial pressure of toluene 
and carbon dioxide upon illumination with ultraviolet light were measured using a resid­
ual gas analyser. A thorough literature review introduces the reader to the background 
and current research that has been undertaken on the photocatalytic removal of toluene by 
Ti0 2 , which is followed by a detailed description of the photocatalytic set-up used in this 
work. The Chapter ends with the presentation of the results obtained for each sample.
5.1 Introduction to the Photocatalytic Degradation of 
Toluene over Titanium Dioxide Films - A Literature 
Review
Many research groups have studied the photocatalytic breakdown of various compounds 
over Ti02 at both the solid-liquid interface [1-7] and solid-gas interface [4,8-22]. Toluene, 
a volatile organic compound (VOC) used industrially in the formation of paints, rubbers 
and adhesives [23] has been well studied as a model indoor air contaminant [13,24-32].
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The breakdown intermediates of the photocatalytic action of Ti02 towards this VOC 
are well classified as carbon dioxide, benzyl alcohol, benzaldehyde and benzoic acid 
[25,27,29, 30, 33]. The main parameters that effect the photocatalytic oxidation rates 
of toluene have been well discussed in the literature as gas flow rate, water vapour pres­
sure and pollutant concentration [34-39]. Since the set-up in this work focuses on the 
photocatalytic breakdown of gaseous toluene over a hlm-type deposition of TiÛ2 , a glass- 
plate photoreactor was chosen as a suitable testing chamber. This experimental set-up was 
designed based on those carried out in the literature which are now discussed. In 1996 
Obee carried out an excellently thorough study on the effects of water vapour pressure 
on the photocatalytic oxidation rate of toluene and formaldehyde over an opaque film of 
Degussa P25 [37]. There was particular focus on very low levels of both contaminants. 
Two black-light lamps provided UV light with peak intensity at 352 nm. Toluene was 
generated from a compressed gas cylinder which entered a pure nitrogen flow that had 
been passed through a water bubbler to provide the desired humidity. Oxygen was then 
added to this mixture to provide the particular N2 : O2 ratio (85 % : 15 %). P25 was 
deposited onto 1 in. wide microscope slides by dipping them into a 5 % by weight so- 
lution of P25 in distilled water. This was done several times with air drying and drying 
at 70°C between each dip until a 0.74 mg cm“  ^ film was achieved. These titania-coated 
slides were placed in a 1 in. by 18 in. well milled into an aluminium block and covered 
with a quartz window. Gaskets between the window and the aluminium block provided 
a flow passage of 2 mm in height by 1 in. in width above the titania-coated slides. Gas 
chromatography (GC) calibrated with gas standards was used to determine the change in 
concentration of both toluene and CO2 . All experiments were carried out at room tem- 
perature. The photocatalytic oxidation rate of P25 on toluene was measured in terms of 
toluene inlet concentration and humidity levels. Obee found that when humidity level and 
UV intensity was maintained but toluene inlet concentration increased, a maximum oxi­
dation rate was reached (0.058 ^mole cm" h^r"" )^ at 1 ppmv. This dramatically decreased 
to approximately 0.025 /tmole cm^^hr'^ when toluene levels were increased to 10 ppmv, 
showing that high levels of contaminant lead to slower oxidation rates. He then measured 
the oxidation rate when varying the humidity levels at different concentrations of toluene. 
At 0.17 ppmv of toluene the increases in humidity level had less of an effect on oxidation 
rate than at the higher toluene concentration of 0.59 ppmv, shown by looking at graphs
(a) and (b) in Figure 5.1. However in both cases an optimum humidity level was reached 
(3500 ppmv and 6200 ppmv respectively), after which increasing this caused a decrease 
in photocatalytic removal rate. When the toluene concentration was drastically increased
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FIGURE 3. Effect of humidity level on the oxidation rate of toluene 
on glass-plate reactor, 0.71 mW/cnf, 330 Re, 39 cm^ reactor area: 
(a) 0.17 ppmv toluene; (b) 0.59 ppmv toluene; (c) 5.4 ppmv toluene.
Figure 5.1: The effect o f humidity on the photocatalytic oxidation rate o f toluene over a 
P25 film at varyung initial toluene concentrations. Image taken from  [37].
to 5.4 ppmv, the results were not as easily discerned, with no obvious correlation between 
oxidation rate and increasing humidity levels, shown in Figure 5.1 (c) [37].
Another excellent study was carried out by Keshmiri et al. in 2006, which focussed on 
the gas-phase photodestruction of trichloroethylene and toluene on sol-gel derived Ti0 2 , 
the results of which were compared to P25 [35]. In their experiment toluene was injected 
at a varying rate into a flowing stream of pressurised building air via a syringe pump. 
Composite sol-gel (CSG) derived Ti02, which consisted of a mixture of sol-gel synthe­
sised Ti02 and P25, was deposited onto microscope slides via spin-coating at 1200 rpm, 
and then calcined at 500°C and 700°C. Glass slides coated with the titania samples were 
loaded into a well 25 mm deep and 25 mm wide milled from an aluminium block. A 
quartz window was placed on top, and air gaskets provided an air tight system with a gas 
flow passage of 25 mm wide by 3 mm in height above the samples. Changes in toluene
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concentration was measured by taking samples from the outlet stream and injecting them 
into a gas chromatography-mass spectrometry (GC-MS) system. Effect of gas-flow rate on 
rate of trichloroethylene (TCE) photooxidation was investigated and used to optimise the 
conditions for toluene investigation. They found that TCE photooxidation rate increased 
with increasing gas flow rate up to 0.65 m^hr" ^ , but beyond this the oxidation rate levelled 
off. The dependence of toluene photocatalysis on toluene concentration and UV source 
was then conducted at gas delivery rates of 0.72 m^hr"\ Two UV lamps were used, a 
black-light lamp with peak intensity at 365 nm, and a germicidal light with peak intensity 
at 254 nm. Under the germicidal light both the CSG and P25 samples exhibited similar 
photocatalytic activities, with a general trend in increasing oxidation rate with increasing 
toluene concentration. Oxidation rate increased from 0.4 g m^^hr^' at a toluene concen- 
tration of 0.075 g m^^, to 3.8 g m"^hr"  ^ at a toluene concentration of 0.59 g m^  ^ for 
P25. The CSG sample showed increases in oxidation rate from 0.08 g m'^hr"^ to 3.4 
g m"^hr"  ^ when the toluene concentration increased from 0.085 g m"  ^ to 0.55 g m" .^ 
When the black-light lamp was used similar results were seen, except the catalytic activi­
ties were generally lower compared to those produced with the germicidal lamp. This was 
because the intensity of the germicidal lamp was higher than that of the black-light lamp 
(3.05 mW cm"^ for UV 254 nm compared to 2.13 mW cm“  ^ for UV 365 nm) [35]. All 
correlations are shown in Figure 5.2.
Zhang gf a/, investigated the removal of individual and mixed toluene and benzene 
from air using an opaque fllm of P25 [39]. The TiO] was deposited on glass plates with 
dimensions 90 mm x 25 mm x 4 mm by dipping them into a 1.25 wt % of P25 in absolute 
ethanol, until a 1.05 mg cm"^ fllm per side was achieved. The P25-coated plates were 
placed in a glass-plate photoreactor consisting of a well 25 mm wide by 380 mm long and 
4 mm in depth milled into a stainless steel block. This was covered with a quartz window 
under which gaskets were placed providing a space 25 mm wide by 2 mm high, through 
which the gas could flow above the sample surface. Two germicidal lamps provided UV 
light with peak intensity at 254 nm. VOCs were generated from compressed gas cylinders 
that were mixed in a chamber with synthetic air which had previously been humidifled, 
the flow rate was then controlled by a mass flow controller. Relative humidity was set 
to -  40 %, UV intensity at the sample surface was measured as 0.56 mW cm"^, and gas 
delivery rate was set to 3 L min'L Gas chromatography was used to measure the inlet 
and outlet concentration changes of both toluene and benzene. Photocatalytic oxidation 
rate of toluene was carried out with inlet concentrations ranging from 4.52 to 27.4 mg 
m^ ,^ which showed a linear increase with increasing concentration. This relationship is
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Figure 5.2: Photocatalytic removal o f toluene by P25 (blue diamond) and CSG (pink 
square) samples using a germicidal lamp with peak intensity at 254 nm (a) and a black- 
light lamp with peak intensity at 365 nm (b). Image taken from  [35].
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represented by the plot in Figure 5.3 [39].
In 2008 Rezaee et al. used a glass-plate photoreactor with a slightly different set-up to 
investigate the photocatalytic removal of gaseous toluene by a film of Ti0 2  nanoparticles 
coated onto activated carbon (AC) [38]. 5 g of AC were added via vigorous stirring to a 
solution of 100 ml water containing 5 g of P25, which was then poured onto a petri dish 
and microwaved at 180 W for 15 min and stored for later use. A rectangular plexiglass 
flat-plate photoreactor with dimensions 34 cm in length by 28 cm in width and 17 cm high 
was used to house the samples to test their photocatalytic removal efficiency of gaseous 
toluene at various toluene concentrations. Two different intensities of UV light (UVA 
lamps, 8 W and 4 W, both with maximum peak intensity at 365 nm) were used. The 
flow of a humidified gas stream was controlled by a mass flow controller, which then 
entered a bubbler containing pure toluene. Inlet and outlet samples were taken during 
the experiments and injected into a GC to determine changes in toluene concentration 
during each experiment, which was carried out at 25°C ±  0.1 °C. In the absence of Ti02 
no change in toluene concentration was observed when the light was switched on, however 
at inlet toluene concentrations between 20 to 450 mg m“ ,^ almost 98% toluene conversion 
was achieved over Ti02. The effect of initial concentration of toluene on photocatalytic 
efficiency was measured under both the 4W and 8W UVA lamps. This is shown by graph
(a) in Figure 5.4, and it is clear that as the toluene concentration increased so did oxidation 
rate. It is also clear that increased light intensity initiates greater photocatalytic oxidation 
rates shown in Figure 5.4 by increasing the lamp wattage [38].
Mo et al. carried out some very interesting work in 2009 whereby 12 commercial
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absorbents were mixed with Degussa P25 and their photocatalytic efficiencies at removing 
toluene from a gas stream were compared to plain P25 using a glass-plate photoreactor
[36]. Details of the absorbents are shown in Table 5.1.
Films of these mixtures were deposited on glass plates 25.0 mm wide by 90.0 mm in 
length by 4.0 mm in depth using the dipped-coating method. Catalyst-coated glass plates 
were placed in a well (25.0 mm wide, 380.0 mm long and 4.0 mm deep) milled into a 
stainless steel block, and covered by a quartz window providing a space 25.0 mm wide by 
2.0 mm in height above the titania surface. Two germicidal lamps with peak intensity at 
254 nm provided the system with UV light, the intensity at the surface was measured as
1.64 mW cm“ .^ Toluene generated from a gas cylinder was mixed with synthetic air to 
obtain an inlet concentration of 2.5 ppm. The contaminated gas flowed through the system 
at 4.00 L min“  ^ and relative humidity was set to 47 %. It was found that when P25 was 
mixed with the S 1 and M absorbents, the photocatalytic oxidation removal was increased 
by at least 1.33 times that of P25 deposited alone. Figure 5.5 shows the photocatalytic 
oxidation rates of toluene obtained for P25 alone, P25 mixed with S 1 and P25 mixed with 
M at various toluene inlet concentrations. When the toluene inlet concentration was less 
than 1 ppm, maximum decomposition (greater than 50 % removal) occurred for P25, SI
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Table 5.1: CAamcfgrijficj wfiA P25 7702 [36].
Symbol Material Particle Size Specific Surface Area (m^g  ^)
P25 Degussa P25 titania 30 nm 50
AZ Artificial Zeolite < 4 /tm 13
CR Clinoptilolite (R) 325 mesh 0.65 - 0.70
CY Clinoptilolite (Y) 325 mesh 0.65 - 0.70
CW Clinoptilolite (w) 280 - 290 mesh 0.57
M Mordenite 12 - 16 fim 250 - 300
SI Si02 (SD-400L 1 fim 260 - 320
S2 Si02 (SD-520) 2 fim 300 - 350
S3 Si02 (SD-520L) 2 pm 300 - 350
A Alumina 10 jUm 250
Z1 ZSM-5-25H molecular sieve
Z2 ZSM-5-38H molecular sieve 2 - 4 pm 342 - 350
Z3 ZSM-5-50H molecular sieve
and M. As the concentration of toluene increased up to 4 ppm a dramatic decrease in 
percentage removal was seen, dropping to approximately 20 % for P25, and 30 % for P25 
mixed with the SI absorbent [36].
Since there has been so much focus on the photocatalytic removal of toluene from air 
an ISO has been written which describes the correct procedure in which this test can be 
carried out (BS ISO 22197-3:2011) [40]. The parameters detailed by the ISO are now 
summarised. The standard toluene gas is balanced with nitrogen in a cylinder at a volume 
fraction of 10 to 50 ;Ul before any dilution is undertaken. The photoreactor which is 
fabricated from materials that are unaffected by near-UV light irradiation and absorb little 
to no test gas, exhibits a well 50 mm wide and 5 mm deep that the test piece is placed. 
Titania is supported on a flat material which is 49.5 mm 3: 0.5 nun wide by 99.5 mm 3: 
0.5 mm long and less than 5 mm in thickness. The test piece is placed in the trough of the 
photoreactor so that the surface is parallel to an optical quartz or borosilicate window at a 
distance of 5.0 mm ±  0.5 mm, through which the test gas can flow. Typical flow rates for 
pollutant gas, dry air and wet air are set at 10 ml m in"\ 500 ml min^  ^ and 500 ml min'^ 
respectively. Suitable UVA light sources with wavelengths emitted within the 300 - 400 
nm range are black-light, black-light blue, fluorescent lamps (maximum peak intensity at 
351 nm or 368 nm) and xenon arc lamps with filters preventing radiation below 300 nm 
and a suitable cooling system. The light source should irradiate the test piece uniformly, 
and the distance between the two is adjusted so that the UV radiance between 300 and 400 
nm is 10 W m"^ 3: 0.5 W m'^ at the titania surface. Gas chromatography is used to de-
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Figure 5.5: Photocatalytic efficiencies ofP25 and P25 mixed with SI and M absorbents, 
the dependence on inlet toluene concentration. Image taken from  [36].
termine toluene concentration, sampled with a gas tight syringe. A typical test procedure 
requires test piece pretreatment, adsorption of toluene in the absence of light, and measur­
ing quantity and therefore percentage of toluene removal under photoirradiation [40].
The photocatalytic experiments carried out in this work are based on the similar ex­
periments discussed in the literature, the characteristics of which are summarised in Table 
5.2, A glass-plate photoreactor was designed and optimised and is now described in the 
following section.
5.1.1 Aims
The main aims to this part of the work is to record, compare and contrast the photocatalytic 
behaviour of all synthesised samples produced from the sacrificial templates with that of 
each other and P25 towards breakdown of gaseous toluene under ultraviolet black-light 
illumination. This is carried out in a glass-plate photoreactor in which catalysts will first 
be deposited as a powdered film spread across the substrate surface, and then dispersed 
into a mock paint film.
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Table 5.2: Zfrgmrwre cowcgmmg fAe ;?Ao o^cafa/yf;c o/^
fo/wg/zg m a g/a^yj-p/afg ;?/zoforgacfof:
Reference Sample
Toluene
concen­
tration
Gas flow 
rate
Humidity
UV
source
(peak
intensity)
and
radiance
General results
(]bee[37]
Opaque 
P25 mm
Increasing
from 0.17 
to 10 ppm
Unknown
Increasing 
up to 
20000
ppmv
Black-
light(352
nm) 0.71 
mW cm 2
Increased toluene 
concentration (above 
1 ppm) and humidity 
lead to decreased 
oxidation rate.
Keshmiri 
gf üA /jjy
Composite
sol-gel
andlP25
Increasing 
from 
0.075 to 
0^ 9g
m ^
0J2
m^hr^'
Unknown
Black- 
light(365 
nm) 2.13
mW cm"^
and 
germicidal 
(254 nm)
3.05 mW
_2
cm
Increased toluene 
concentration 
produced increased 
oxidation rate.
Zhang gf 
a/. /397
Opaque 
P25 mm
Increasing 
from 4.52 
W2T4mg
m 3
TOL 
min 1
40%
Germicidal 
(254 nm) 
0.56 mW
cna"2
Linear increase in 
photocatalytic 
oxidation of toluene 
with increasing 
concentration.
Rezae et 
a/, /jgy
TiOi on 
activated
carbon
Increasing 
fmm20rn 
450 mg
m"^
&0L
min '
40%
IJV/V(365 
nm) 8 W
and 4 W
Linear increase in 
toluene removal rate 
with increasing 
concentration.
Mo et 
a/. A367
P25, alone 
and mixed
with
various
ab­
sorbents.
Increasing 
Aorn 1 to 
4p^n
4^0L
min"^
47%
Germicidal 
(254 nm) 
1.64 mW 
cm ^
Photocatalytic rates
decreased when 
toluene 
concentration 
increased from 1 to 4 
ppm.
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5.2 Experimental
5.2.1 Materials
Polyvinyl acetate (PVAc, average molecular weight = 100000, Sigma-Aldrich). Toluene 
(99+% Acros Organics). P25 (AEROXIDE®, Evonik, Degussa). Borofloat glass windows 
were purchased from Newcastle Optical Engineering Limited due to their inexpensive yet 
excellent UV transmitting properties in the wavelengths used for this experiment. Ultravi­
olet light was provided by a T5 8W black-light 350 lamp (Sylvania).
5.2.2 Photocatalytic Reactor
A flow reactor for gaseous photocatalysis was designed based on similar experiments car­
ried out in the literature [24,34-36,38,39]. The experimental diagram is shown in Figure 
5.6.
Air in
M ass flow 
controller
Water
saturator
Toluene 
syringe 
pump 
—
Light s o u r c e  a t  v a r ia b le  
d i s t a n c e  f r o m  r e a c t o r
Glass plate reactor
RGA —i:^ Waste
Trap
Figure 5.6: Experimental diagram of glass-plate gaseous photocatalytic reactor.
Air Delivery System. Synthetic air comprising of approximately 80 % N2 and 20 % 
O2 was supplied from a compressed gas cylinder through copper tubing. A mass flow 
controller was used to accurately regulate the flow rate of the carrier gas which was set to 
250 ml m in"\ confirmed by the use of a digital flow meter. The carrier gas then passes 
through silicon tubing, entering a saturator containing MilliQ water, becoming humidi­
fied. This saturator was placed in a water bath with the temperature set to 30°C to ensure 
consistent water vapour pressure throughout all experiments. PTFE tubing carries the air 
from the saturator into a three way connector exhibiting a toluene injection entry point.
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Here the VOC is introduced vm a syringe pump at 0.1 ml hr"^  and it is assumed all liquid 
toluene becomes vaporised. Tubing thereafter was made out of 1/8 " stainless steal and 
interconnected by swagelock fittings. The contaminated gas stream then enters the reactor, 
or can be bypassed and fed straight into the analyser.
Glass Plate Reactor. A detailed schematic of the reactor is shown in Figure 5.7. 
The photoreactor was milled from an aluminium block. Samples coated onto borofloat 
glass of 250 mm x 25 mm x 2 mm were placed in a well 250 mm x 25 mm x 2 mm 
deep. The gas stream enters the reactor into a small chamber containing glass beads to aid 
gas mixing. The gas then passes over a 70 mm x 25 mm channel to achieve steady flow 
dynamics before reaching the sample. A PTFE gasket beneath a brass lid ensures gas-tight 
conditions and provides a 1 mm gap between the sample surface and the borofloat window 
through which the gas stream can flow. The brass covering was fitted with 8 screws that 
were tightened in diagonal opposite fashion to prevent concentrated asymmetric pressure 
from being applied to the borofloat window.
Windows and Lamps.
Borofloat was chosen due to its cheap, yet excellent UV transmitting properties (85 %) 
at the desired wavelength of 350 nm (see Figure 5.8). A T5 8W black-light lamp with 
peak intensity at 350 nm was used to supply the UV light required for photocatalysis. The 
spectral distribution is given in Figure 5.8 (b). It is placed directly on the borofloat window 
providing UV light at a distance of 3 mm from the sample surface. The intensity of light at 
the sample surface was measured using a UVX Digital Radiometer supplied by UVP Inc., 
and was conducted by placing the sensor in a box 3 mm from the lamp, between which 
was placed the borofloat window. The intensities at three wavelengths were measured 
with the different sensors and summarised in Table 5.3. The glass-plate reactor and lamp 
were contained in a wooden box to prevent any light escaping and ensure conditions were 
as dark as possible when the light was off. The heating effect of the lamps inside the 
glass-plate photoreactor was measured with a thermocouple to ensure temperature stability 
during irradiation. A thermocouple was fed through the gas exit passage into the reactor 
and set at the same distance from the window as the surface of the photocatalyst. Clean 
humidified air was passed through the reactor at 250 ml min"' and the temperature was 
monitored in the dark. The UV black-light lamp was placed directly on the window and 
the temperature was then monitored when irradiated. Due to the low wattage of the lamp 
(8 W) the temperature did not fluctuate by more than 1 °C either side of 26°C, indicating 
consistent temperature throughout the experiments.
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Figure 5.7: Schematics o f the glass-plate photoreactor (a) profile and (b) plan view.
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Figure 5.8: Borofloat transmission curve (a), and spectral distribution o f the T5 8W
black-light lamp (b).
Analysis.
Contaminated gas leaves the glass-plate reactor and enters a residual gas analyser (RGA). 
This is a highly sensitive online mass spectrometer with the ability to monitor specific 
mass peaks over a chosen length of time. The RGA removes a sample from the flowing 
gas stream at 25 ml min~' through a heated fused silica capillary (150°C) that ensures all 
gases remain volatile when reaching the detector. The equipment operates under vacuum 
at a total pressure between 1 x 10~^ and 1 x 10“  ^ mbar. The change in partial pressure 
of the chosen fragments are measured as a function of time, enabling the user to visually 
see the photocatalytic effect. The chosen peaks that were monitored exhibited a mass to 
charge ratio of 44 for CO2 and 91 for toluene.
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Table 5.3: /(W/aMcg mgafwrg/MgMrf af rArgg wavgWgr/zj/br tAg f/Vb/acA^-%Af
Za/M/? af j  mm^om jam/)/g jwr^cg.
Light Source Wavelength (nm) Radiance (mW cm )^
T5 8W
254 0.02
310 0.94
360 3.66
5.2.3 Photocatalytic Decomposition - Powders
Glass plates were first washed with acetone several times and allowed to dry. 200 mg of 
each powder was homogeneously dispersed in water via magnetic stirring to produce a 
slurry, which was pipetted on to the glass substrate so that the surface was fully covered.
This was dried in an oven at 50°C forming a film on top of the substrate, then 100°C for 4 
hr to ensure complete water loss.
5.2.3.1 Blank and Controls
Clean and contaminated humidified air was passed through the reactor containing the plain
glass substrate only. The light was then switched on and off to ensure the reactor and the 
substrate had no effect on CO2 partial pressures under light illumination in the absence 
and presence of toluene. Each sample was then introduced individually to the reactor and 
clean humidified air was passed over the surface. The lamp was switched on and off to 
ensure any variations in CO2 partial pressure were not directly related to the samples in 
the absence of toluene.
5.2.3.2 Samples
All catalysts were analysed for their photocatalytic activity towards toluene imder ultra­
violet black-light (maximum peak at 350 nm) in powdered form. Before photocatalytic 
experiments were carried out samples were irradiated for 24 hrs in clean air to allow any 
adsorbed organics to be decomposed. Clean humidified air was first allowed to pass di­
rectly into the RGA, to monitor CO2  partial pressure to equilibrium. Toluene was then 
introduced via the syringe pump at 0.1 ml hr" ^  until partial pressure stabilised. The con­
taminated stream was then passed into the reactor and was allowed to flow over the sample 
until the partial pressure of toluene stabilised. Adsorption of toluene on the catalyst sur- 
face takes place at this point. The lamp was then switched on and off at irregular time 
intervals and changes in CO2 (peak 44) and toluene (peak 91) were recorded.
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5.2.4 Photocatalytic Decomposition - Films
5.2.4.1 Preliminary Tests
Catalyst samples including P25 were then dispersed in a simple "mock paint" film de­
posited on to the glass substrate and their photocatalytic oxidation efficiency towards 
toluene under ultraviolet black-light was monitored. 10 ml of three different ratios of 
P25 to polyvinyl acetate (% w/v) in acetone were made: 1:1 (0.2 g : 0.2 g), 2:1 (0.2 g : 
0.1 g) and 5:1 (0.2 g : to 0.04 g) to determine the best film consistency. Each of these was 
coated on to the glass substrate by pipette and allowed to dry at room temperature, then 
placed in the reactor. Clean humidified air was passed over the samples and the changes in 
CO2 partial pressure was monitored with and without illumination. Toluene was then in­
troduced into the mix at 0.1 ml hr"  ^ and changes in both CO2 and toluene were monitored 
in light and dark conditions. The most robust film that did not flake and completely cov- 
ered the P25 powder was achieved with a 1:1 ratio of P25:PVAc, and so this was adopted 
for all other samples.
5.2.4.2 Control
The borosilicate substrate was coated with 10 ml of acetone containing 2(X) mg of PVAc 
and clean humidified air was passed through the reactor. The lamp was switched on and 
off at different intervals to ensure no changes in CO2 partial pressure occur in the absence 
of toluene and catalyst.
5.2.4.3 Samples
200 mg of each catalyst was dispersed in 10 ml acetone containing 2(X) mg PVAc, and 
deposited vm a glass pipette on to the surface of the glass substrate with the aim to ensure 
even distribution. These were allowed to dry in air over night. The films were rough 
in appearance but extremely robust, did not flake and resembled a milky paint film. They 
were then loaded into the reactor and clean humidified air at 250 ml min"  ^was passed over 
the surface. Changes in CO2 partial pressure was monitored as the lamp was switched on 
and off. Toluene was then injected into the stream at 0.1 ml hr" ^ and allowed to equilibrate 
over the sample surface. Changes in both CO2 and toluene were monitored as the lamp 
was switched on and off. Samples were then left under the UV black-light lamp for 7 
days. They were then reloaded into the reactor and experiments with clean humidified air 
and contaminated humidified air were repeated.
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5.3 Results and Discussion
5.3.1 Photocatalytic Decomposition Experiments - Powders vs Mock 
Paint Films
5.3.1.1 P25
The photocatalytic activity of P25 towards toluene oxidation was used as a comparison 
against that of asymmetric particles, and changes in the partial pressure of CO2  and toluene 
were analysed. These are displayed in Figure 5.9. The yellow bars represent those cycles 
at which the lamp was switched on. One can see simultaneous increases in CO2 and de­
creases in toluene partial pressures when the light is switched on over powdered P25. This 
increase in CO2 can be directly related to the photocatalytic breakdown of the adsorbed 
toluene layer at the surfaces of the titania particles. The decrease in toluene that reaches 
the RGA is due to the readsorption of the molecules on to the catalyst surface, replac- 
ing those which have been photocatalytically degraded. When the lamp is switched off 
CO2 gradually decreases and toluene gradually increases. It must be noted that after a 
30 minute experiment, such well defined fluctuations in the toluene trace were no longer 
found probably due to catalyst deactivation. This occurs when all the active sites become 
occupied by less volatile breakdown products. In addition the P25 had changed from a 
white to yellow. This agrees with findings in the literature [25,27,29,30,33].
The photocatalytic profile for P25 dispersed at a 1 : 1 ratio in polyvinyl acetate is 
shown in Figure 5.10. CO2 partial pressure rises under black-light illumination even in 
the absence of toluene (Figure 5.10a) indicating the polymer film is broken down by the 
action of the photogenerated charge carriers at the surface of P25 particles. One can see 
that when toluene is introduced, CO2 partial pressure continued to rise and fall when 
the light is switched on and off but the toluene peak shows complicated decreases and 
increases that do not seem to correspond with those changes in CO2  (see Figure 5.10 b). 
Therefore it appears that when P25 is dispersed in the polyvinyl acetate film, polymer 
breakdown occurs, and one cannot say whether toluene is also broken down.
These mock paint films containing P25 were then illuminated with high intensity UV 
radiation for 7 days to promote polymer breakdown to see whether toluene can then be 
catalytically removed from the gas stream. In Figure 5.11 (a), under conditions of clean 
humidified air CO2 partial pressure continues to rise and fall when the lamp is switched on 
and off indicating that this catalyst continues to photocatalytically breakdown the polymer 
molecules present in the film. A similar CO2 partial pressure profile is present in Figure
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Figure 5.9: Photocatalytic oxidation o f toluene over powdered P25 spread on the bo­
rofloat substrate. The relative pressure o f toluene (upper line) and COj (lower line) was 
monitored.
5.11 (b), where toluene has now been introduced into the gas stream. Again the increases 
and decreases in the toluene profile do not coincide with the decreases and increases in the 
CO2 partial pressure and this prevents one from clearly stating whether toluene is broken 
down or not.
5.3.1.2 Samples Produced from Novel Carbon Microsphere Templates
Both the Ti02 and Si02-Ti02 samples produced via novel templating on carbon micro­
spheres show photocatalysis of toluene in powdered form, displayed by graphs (a) and (b) 
respectively in Figure 5.12. When the lamp is switched on CO2 partial pressure rises and 
toluene partial pressure decreases, indicating breakdown of the adsorbed toluene into CO2 
and less volatile products. This is clear from the first two times the light is switched on 
for each experiment. However as one approaches higher cycle numbers (approximately 
3000 for the Ti02 powder, and 1500 for the asymmetric powder), the toluene becomes 
less correlated with the changes in CO2 .
Both TiÛ2 and Si02-Ti02 powders were dispersed in a solution of polyvinyl acetate 
in acetone and deposited as a mock paint film onto the glass substrate. Changes in CO2 
partial pressure in the absence of toluene under light illumination was investigated for 
both samples when clean humidified air was passed through the reactor. It is clear from
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Figure 5.10: Photocatalytic breakdown o f polyvinyl acetate films containing 200 mg o f 
P25 at 1 : 1 with PVAc in (a) clean humidified air and (b) air containing toluene.
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Figure 5.11: Photocatalytic breakdown o f the same polyvinyl acetate films after being 
left under a high intensity UV light fo r  7 days, (a) P25 in PVAc with clean humidified air.
(b) P25 in PVAc with air containing toluene.
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Figure 5.12: Photocatalysis o f toluene by samples produced from carbon microsphere 
templates deposited in powdered form, (a) TiÛ2 powder and (b) SiÛ2 -Ti0 2  powder.
CHAPTERS. PHOTOCATALYSIS 129
Figure 5.13 (a) and (b) that both samples cause film breakdown due to the increases in 
CO2 partial pressure when the films are exposed to UV light. This is due to the interaction 
between the polymer molecules and the TiO] particles in the mock paint film, whereby 
the photogenerated charge-carriers react with the polyvinyl acetate molecules, causing 
breakdown. The toluene profile shown for both samples in Figure 5.13 (c) and (d) show 
increases and decreases in relative pressure that do not seem to fluctuate in correspondence 
to the presence or absence of light, making it difficult to decipher if this is due to the 
photocatalytic action of the catalyst present in the films.
Toluene I Toluene 
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C ycle (a .u .)C ycle (a .u .)
To u en e
T oluene
(91)
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Cycle (a .u .) C ycle  (a .u .)
Figure 5.13: Photocatalytic breakdown o f polyvinyl acetate films containing TiÛ2 (a 
and c) and Si0 2 ~Ti0 2  (b and d) powders produced from carbon microspheres in clean 
humidified air (a and b) and air contaminated with toluene [c and d).
The mock paint films containing both TiO] and Si02-Ti02 samples were then exposed 
to UV light for 7 days and changes in CO2 partial pressure in clean humidified air and 
air containing toluene was monitored. One can see from Figure 5.14 (a) and (b) that in 
clean humidified air CO2 partial pressure rises under light illumination for both samples 
indicating the polymer film is being broken down by the action of the catalyst. The toluene 
profile again shows fluctuations that seem unrelated to the times when the samples are
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illuminated or in the dark and therefore one cannot say that it is being catalytically broken 
down.
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Figure 5.14: Photocatalytic breakdown o f the polymer film in clean humidified air (a 
and b) and air containing toluene (c and d) after being illuminated with UV light for 7 
days by the action o fT i0 2  powders (a and c) and Si0 2 -Ti0 2  powders (b and d) produced 
from carbon microsphere templating.
5.3.1.3 Samples Produced from Polystyrene Nanospheres
Figure 5.15 (a) and (b) shows the photocatalytic profile of Ti02 and Si02-Ti02 powders 
produced from polystyrene nanosphere templates. As one can see the titania only cata­
lyst shows increases in CO2 partial pressure when the lamp is switched on, and decreases 
when it is switched off. It seems the toluene peak gradually decreases over time during 
photocatalysis, probably due to adsorption on to the catalyst particles as the contaminant 
molecules are being broken down. This could be due to the shape of these particles as they 
exist as hollow spheres that potentially exhibit porous surfaces allowing toluene to pene­
trate, adsorb and desorb. In the case of the Si02-Ti02 hollow spheres produced with the 
same template (Figure 5.15 b), no changes in toluene or CO2 partial pressure take place.
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This is expected since the titania inner layer of the hollow sphere is completely coated 
with an exterior Si02 layer, suppressing the photocatalytic activity. This also indicates 
that the changes in CO2 partial pressure that occur for the Ti02 hollow spheres (in Figure 
5.15 a) are due to toluene photocatalysis.
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Figure 5.15: Photocatalytic breakdown o f toluene by TiOi powder (a) and Si02-Ti02 
powder (b) produced from polystyrene nanosphere templates.
When both samples were then mixed into a polyvinyl acetate film, only the Ti02 pow­
der showed catalytic action. This is shown by comparing Figure 5.16 (a) with Figure 5.16 
(b). The Si02-Ti02 doubly coated hollow nanospheres showed no changes in CO2 partial
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Figure 5.16: Changes in CO2 partial pressure on light illumination o f Ti02 hollow 
spheres (a and c) and Si0 2 ~Ti0 2  hollow spheres (b and d) dispersed in a polyvinyl acetate 
mock paint film in clean humidified air (a and b) and air containing toluene (c and d).
pressure when the lamp was switched on and off. This is expected since the silica outer 
layer acts as a barrier between the TiÛ2 inner layer and polymer interface preventing the 
photogenerated charge-carriers from causing him breakdown. In Figure 5.16 (c) and (d), 
toluene has now been introduced into the gas stream. The rises and falls in its profile show 
no direct link with switching the light on and off and therefore one cannot determine di­
rectly if the changes in CO2 are due to him degradation only, or also incorporate toluene 
breakdown too.
The mock paint hlms containing these powders were then illuminated with UV light 
for 7 days, and catalytic activity then analysed in clean humidified air and air containing 
toluene. In clean humidified air the Ti02 hollow spheres still show film degradation due 
to the changes in CO2 partial pressure given in Figure 5.17 (a). As expected the doubly- 
coated hollow spheres show no photocatalytic breakdown of the polymer film (see Figure 
5.17 b). When toluene is introduced into the gas stream CO2 profiles remain similar to 
those in clean humidified air for both samples, as shown by Figure 5.17 (c) and (d) for Ti02
CHAPTER 5. PHOTOCATALYSIS 133
Toluene
I
(a)
l e - l l -1 Toluene
(c) C ycle  (a .u .)
Toluene
“  6.6e-12
200  300
Cycle (a .u .)
Toluene
1 .000  1.500
C ycle (a .u .)
Figure 5.17: Photocatalytic breakdown o f polyvinyl acetate films in clean 
humidified air (a and b) and contaminated air (c and d) containing TiÛ2 (a 
and c) and Si02-Ti02 (b and d) hollow spheres after exposure to UV light for  
7 days.
and Si02-Ti02 hollow spheres respectively. The toluene profile seems to fluctuate more 
for the Ti0 2  hollow spheres than the Si0 2 -Ti0 2  spheres, although these fluctuations do not 
directly correspond the those fluctuations in the CO2 partial pressure. Also the increases 
and decreases in CO2 partial pressure are greater for the Ti0 2  hollow sphere sample after 
the 7 day illumination period shown by comparing Figure 5.16 (c) with Figure 5.17 (c). 
This could be due to breakdown of the polymer film surrounding the spheres allowing 
catalytic action on the toluene molecules.
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5.3.1.4 Samples Produced from Polystyrene Microspheres
T1O2 hollow microspheres and Si0 2 -Ti0 2  hollow microspheres produced from polystyrene 
microsphere templates were analysed for their photocatalytic activity towards toluene 
breakdown in both powdered form spread across the glass substrate and when incorporated 
into a polyvinyl acetate film. The Ti02-only sample in powdered form shows increases 
in CO2 relative pressures under illumination. When the light is switched off CO2  de­
creases. This is shown in Figure 5.18. There does not seem, however, correlation between 
the changes in CO2 partial pressure and the toluene trace. Doubly coated microspheres 
that are intact and not ruptured show no changes in CO2 partial pressure on light illu­
mination, however when they are crushed into asymmetric platelets CO2 rises when the 
light is switched on, shown by comparing graphs (a) and (b) in Figure 5.19. This is be­
cause on crushing the hollow microspheres, the inner Ti0 2  layer is exposed where toluene 
molecules can adsorb and interact with the photogenerated charge carriers produced in this 
photocatalyst. However in both cases the toluene peak shows complicated adsorption pro- 
cesses are taking place. This shows that asymmetric Ti02-Si02 platelets produced from 
coating polystyrene microspheres that are thermally removed show photocatalysis towards 
gaseous toluene degradation.
200 mg of both powders (Ti0 2  and the crushed Si0 2 -Ti0 2 ) were dispersed into 10 
ml acetone containing 200 mg of PVAc and deposited on the glass substrate. First clean 
humidified air was passed over the samples and changes in CO2 relative pressure was mon­
itored when illuminated with ultraviolet light. Then toluene was introduced into the gas 
stream at 0.1 ml hr" ^  and changes in both CO2 and toluene partial pressure was analysed. 
Results are displayed in Figure 5.20, and graphs (a) and (b) show that on light illumination 
CO2 is generated in clean humidified air conditions from both Ti0 2 -only and Si0 2 -Ti0 2  
platelets when immersed in the polyvinyl acetate film. This was expected of the Ti02 only 
sample due to the interaction between the photogenerated charge carriers and the polymer 
molecules. This also occurs in the sample consisting of Si02-Ti02 asymmetric platelets 
as shown by the increases in CO2 partial pressure when illuminated in Figure 5.20 (b). 
The films were then subjected to air containing toluene and variations in partial pressure 
of both CO2 and VOC were analysed. This is displayed in Figure 5.20 (c) and (d) for Ti02 
and Si02-Ti02 respectively. As is the case for both samples once again the toluene peak 
fluctuates in such a manner that does not coincide with that of CO?.
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Figure 5.18: Photocatalysis o f toluene at the surface ofTiOj produced from polystyrene 
microspheres spread as a powder on the glass substrate.
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Figure 5.19: Photocatalysis o f toluene at the surface o f Si02-Ti02 powders produced 
from polystyrene microspheres, (a) Intact double-shell hollow microspheres and (b) 
crushed microspheres producing Si0 2 -Ti0 2  asymmetric platelets.
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The polymer films containing both samples were then subjected to 7 days of intense 
UV light to encourage film degradation. The aim of this was to degrade the film around 
the TiO] part of the asymmetric platelets, exposing it to the atmosphere allowing toluene 
adsorption and therefore VOC breakdown and removal. Figure 5.21 (a) and (b) show the 
changes in CO2 partial pressure for Ti0 2  and Si0 2 -Ti0 2  respectively in clean humidified 
air. Both samples display increases in CO2 when the lamp is switched on indicating that 
the Ti0 2  present still has catalytic effect on the polyvinyl acetate molecules causing film 
degradation. Toluene was then injected into the gas stream and both CO2 and toluene 
partial pressure was monitored. Results for Ti02 and Si02-Ti02 are given in Figure 5.21
(c) and (d) respectively. No immediate correlation was found between the fluctuations in 
toluene peak and the switching on and off of the lamp, and therefore one cannot say the 
increases and decreases in CO2 partial pressure are directly related to VOC breakdown.
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2  2e 13
400 600 800
C ycle  (a .u .)
1.000
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Toluene
Toluene(91)
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Figure 5.21; Photocatalysis o f polyvinyl acetate films containing Ti02-only powders (a 
and c) and Si0 2 -Ti0 2  asymmetric platelets (b and d) produced from polystyrene micro­
spheres in clean humidified air (a and b) and air containing toluene (c and d) after 7 days 
illumination with UV light.
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5.3.2 Results Summary
The most important experiment to highlight here is the sudden catalytic activity produced 
when intact double-shell hollow inorganic microspheres are crushed and the inner photo­
catalytically active TiO] layer is exposed. This is seen be comparing graphs (a) and (b) 
in Figure 5.19. When the intact microspheres are exposed to contaminated air containing 
toluene, there is no change seen in CO2 partial pressure on turning the lamp on and off 
shown by plot (a) in Figure 5.19. However when these hollow double-shell microspheres 
are crushed into Si0 2 -Ti0 2  asymmetric platelets, the partial pressure of CO2 rises and 
falls when the lamp is switched on and off, shown in Figure 5.19 (b).
5.4 Mechanistic Review of the Photocatalytic Oxidation 
of Toluene
Typically in toluene photocatalysis the CO2 concentration increases upon illumination 
and decreases when the light is switched off, indicating either complete breakdown of this 
aromatic compound or oxidation and dissociation of the methyl group from the ring. Cao 
et al. proposed the oxidation of toluene to occur in the following order; toluene benzyl 
alcohol —^ benzaldehyde benzoic acid, indicating that the methyl group adsorbs at the 
catalyst surface and interacts with the radical species that are generated from the charge 
carriers [34]. The exact reaction mechanism for the photocatalytic oxidation of toluene is 
difficult to distinguish due to the multitude of pathways which may be taken. There are 
many radicals, both free and adsorbed at the titania surface that all may or may not play a 
role in these reactions. Water, present as H2 O and dissociated as adsorbed OH is known 
to react with the photogenerated holes producing free and adsorbed hydroxyl radicals 
(HO ). Oxygen is known to be responsible for electron trapping at the titania surface 
producing free and adsorbed superoxide radicals O2 . Equations 5.1 to 5.7 demonstrate the 
production of various radicals that are initiated at the surface of a Ti0 2  particle illuminated 
with UV light [2,4,8,12,15,19,20,22,28-30,34,41-47].
n 0 2 ^ A +  +  g- (5.1)
A + + ; /2 0 -^ 7 /+ + ^ 0  (5.2)
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/ / 2 O2 +  O2" +  ^2
/f202 Av 2 # 0
(5.3)
(5.4)
(5.5)
(5.6)
(5.7)
With the presence of all these radicals that have the potential to react with toluene 
molecules it is difficult to isolate exactly how the pollutant is photooxidised. The initial 
step is most likely the extraction of a hydrogen from either the methyl group or the benzene 
ring. This yields the benzyl radical (C6 H6 CH2 ) at 8  % and o-hydroxytoluene at 92 % (see 
Figure 5.22) [41,45,47,48].
+ 0H
8%
Benzyl
radical CH
CH
OH
CH
Toluene-hydroxyh 
radical adduct
CH3 
^  ,0 H
+ OH
Toluene 92%
OH
+ HO2
Figure 5.22: mrffcaZ aW o-/zyr/mxyfo/w6ng fAg rgactfon 0 /
Ayr/mxy/ (770 ) wftA fo/wgng [48].
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The route wfa which the methyl group is oxidised leads to formation of less volatile 
products that are found to poison the catalyst and are not seen in the effluent stream [41, 
46,48,49]. A reaction rationalisation for this route is proposed in Figure 5.23, and uses 
the assumption that hydroxyl radicals are the all important molecule that initiates most 
steps in toluene breakdown. This can eventually lead to complete breakdown and CO2 
formation with the act of further radicals, potentially resulting in CO2  and benzene as the 
final product. In order for complete breakdown of the entire molecule the benzene ring 
must be oxidised and one can see this occurring via the formation of o-hydroxytoluene 
radical in Figure 5.22. According to Jacobson gf a/. [48] this radical can then be further 
attacked by oxygen to form either toluene-hydroxyl radical adduct or o-cresol, shown in 
Figure 5.22. Either product has resulted in the oxidation of the benzene ring. In the same 
way that the benzyl alcohol is formed in the first steps shown in Figure 5.23, the peroxy 
radical in the toluene-hydroxyl-radical adduct in Figure 5.22 can abstract hydrogens from 
neighbouring water molecules eventually leading to a doubly substituted benzene ring 
containing two hydroxyl groups (at the 1 and 2 positions) with the methyl group at the 1 
position. These steps can continue to occur until the compound has been entirely oxidised 
to CO2 and H2 O. Therefore a small change in toluene partial pressure can lead to a large 
change in CO2  partial pressure.
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Chapter 6
Conclusions and Further Investigations
6.1 Asymmetric Nanoparticles
6.1.1 Results Summary
Many methods for producing asynunetric nanoparticles have been suggested and excel­
lently reviewed within the literature [1-6]. However these generally either require expen­
sive equipment or the use of toxic chemicals. The focus of this work was to use simple, 
wet preparative chemistry to produce such samples. The development of these asymmetric 
platelets exhibiting a layer of crystalline Ti0 2  coated on one side with amorphous Si0 2  
was based on the use of a sacrihcial template. Two sizes of polystyrene spheres (diam­
eters of 8(X) nm and 100 pm) were adopted as templates. These were coated hrst with 
an amorphous layer of Ti0 2  using various methods already described in the literature, 
to compare the uniformity and smoothness of the resulting titania layer. An amorphous 
silica layer was then deposited on top of the titania layer via hydrolysis and condensa­
tion of tetraethyl orthosilicate in the presence of aqueous ammonia. These doubly-coated 
polystyrene spheres were heated to 500°C at 5°C min"' to initiate thermal decomposition 
of the template whilst causing crystallisation of the Ti02 layer. This resulted in hollow 
spheres exhibiting an inner crystalline Ti0 2  shell with an exterior layer of amorphous 
Si02. Carbon microspheres with diameters ranging from 75 to 250 pm were employed 
as a novel sacrificial template and coated with titania then silica using the same synthe­
ses, then heated to 500°C to initiate thermal decomposition. Three attempts were made 
at rupturing these double-shell hollow inorganic spheres using the following investigative 
techniques: (1) ball-milling at high amplitude, (2) sonicating in ethanol and (3) increasing 
the original heating rate ten-fold from 5°C min"  ^ to 50°C min"^. Carbon microspheres 
were not completely thermally decomposed at 500°C regardless of heating rate, and so 
no hollow spheres were produced. One could increase the final temperature which would 
however initiate anatase to rutile phase transformation in the titania layer. This in turn 
would compromise photocatalytic activity as has been shown with samples containing
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higher rutile content. The polystyrene nanospheres worked well as a sacrihcial template, 
and were easily degraded at 500°C, producing hollow inorganic spheres with a crystalline 
inner mixed-phase TiO] layer. However neither of the three techniques were success­
ful at rupturing these spheres into platelets, and so they remained intact even after either 
ball-milling, sonication or increased heating rate. The double-shell hollow inorganic mi­
crospheres produced from the larger polystyrene template were easily crushed into asym­
metric Si0 2 -Ti0 2  platelets without the need of increased heating rate, ball-milling or son­
ication. Scanning electron microscopy showed these platelets to consist of both TiÛ2 
and Si0 2 , however one could not clearly deduce an interface between the two layers, 
whereby increased resolution compromised image quality. However X-ray photoelectron 
spectroscopy did indicate that there was no Ti0 2  present in the outermost 10 nm of the 
exterior silica shell. To investigate greener routes for the production of asymmetric par­
ticles glass microspheres were adopted as a non-sacrihcial template. The Ti02 and Si02 
coatings were deposited using the same methods as those used for the sacrificial templates, 
and removal of this double layer was investigated with ball-milling, sonication and heat­
ing with rapid cooling. The idea behind each of these removal processes was to shatter 
the coatings off the microspheres, producing asymmetric platelets and leaving a reusable 
template that was not sacrificed in the process. Ball-milling did remove the coatings but 
also smashed the spheres into tiny fragments making it very difficult to separate them from 
the sample, rendering them obsolete. Sonication the coated spheres in ethanol removed 
the coatings but produced a Ti0 2  and Si0 2  mixed-nanoparticle suspension as opposed to 
asymmetric platelets. This technique did, however, leave the surfaces of the spheres clean. 
The heating with rapid cooling mechanism incorporated removal of the particles from an 
oven at 500°C and plunging them directly into liquid nitrogen. The aim was to cause rapid 
contraction of the template, which would ideally shatter the coatings off of the surface. 
However this was not the case and seemed to cause the surface coatings to contract and 
agglomerate on the surface of the spheres.
6.1.2 Future Ideas
With regards to further developing these ideas, in particular the greener approaches to 
novel photocatalysts, one could coat the glass microspheres with an organic polymer such 
as polyvinyl alcohol. This would provide an intermediate layer between the inner Ti02 
layer and surface of the glass spheres. As the polymer thermally decomposes during the 
calcination step there would be no more contact between the inorganic layers and the 
surface of the glass microspheres. This would potentially cause the Si02-Ti02 shells to
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break off and form asymmetric platelets. As well as glass microspheres, another avenue 
to explore would be the use of small metallic spheres such as ball bearings. The surface 
could be oxidised by heating which should provide a more compatible surface for the TiO] 
precursor to adsorb to. These templates would be stronger than the glass microspheres and 
could potentially withstand the pressures exerted during the ball-milling process, which 
could be used to smash the platelets off. Another green approach would be the use of a 
flexible sheet. This could first be coated with Ti02, then Si02, and then bent to cause the 
coatings to shatter into asymmetric platelets.
6.2 Photocatalytic Experiments
6.2.1 Results Summary
Photocatalytic paints could potentially be used to reduce levels of indoor air contaminants, 
solving the issues of sick building syndrome and improving indoor air quality. These 
paints incorporate both pigmentary Ti02 and photocatalytic Ti02. However, without mod­
ification to the photocatalytic Ti0 2  nanoparticles, it has been shown that the paint films 
themselves become photocatalytically degraded, releasing volatile organic compounds and 
increasing the levels of indoor air contaminants. Asymmetric Ti02, in which the particles 
are half coated with an inert material such as amorphous silica, could be the solution to 
the issue of paint film degradation. In Chapter 5 of this work, asymmetric powders and 
Ti0 2  powders were tested in regards to their efficiency at photocatalytically breaking down 
gaseous toluene present in a humidified air stream. This was carried out using a custom 
built glass-plate photoreactor which was based on designs present in the literature [7-12]. 
Toluene was injected at 0.1 ml hr"  ^ into air containing water vapour flowing at 250 ml 
min'L This contaminated gas stream entered the sample chamber; a glass-plate photore­
actor milled from an aluminium block sealed gas tight with PTFE gaskets. A black-light 
UV lamp was placed directly on top of the borofloat window, supplying the samples with
3.66 mW cm"^ at 360 nm, at a distance of 3 mm from their surface. The samples were 
supported on a borofloat substrate, and their photocatalytic activities were compare when 
spread in powder form with those dispersed in a mock paint him. The hlms consisted of 
200 mg of sample and 200 mg of polyvinyl acetate dispersed in 10 ml acetone. These 
paint hlms were deposited onto the borohoat substrate and allowed to fully dry before 
being incorporated into the reactor. Their photocatalytic activities were measured using 
residual gas analysis (RGA), which showed changes in CO2 and toluene partial pressures
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when the lamp was switched on and off. The hlms were then illuminated for 7 days and 
their photocatalytic efficiencies were retested. P25 was initially tested. This compound 
showed clear toluene photocatalysis when deposited in powdered form, by the simultane­
ous rise and fall of the CO2 and toluene traces respectively, when the light was witched 
on and off. In all experiments to follow however, the toluene trace was extremely unstable 
and therefore could not be used in the determination of catalytic activity. In the absence 
of toluene there was no change in the CO2 trace when clean humidihed air was passed 
over the samples deposited as powders. Then upon toluene introduction, the CO2 partial 
pressure began to rise with irradiation, indicating that the samples were photocatalytically 
breaking down the gaseous toluene. This occurred in the case for all powdered samples. 
However, the Si02-Ti02 hollow spheres produced using the polystyrene nanospheres as 
templates were an exception to this, and there was no change in CO2 partial pressure over 
this sample. This is expected since the inner Ti02 shell is entirely coated with silica, pre­
venting VOC adsorption and degradation. Samples were then dispersed in a mock paint 
film. Initially they were placed in the reactor and tested for paint film degradation by pass- 
ing clean humidified air through the system and illuminated at irregular time intervals. 
The CO2 traced increased and decreased when the light was switched on and off indicat­
ing film degradation. Toluene was then introduced into the system and their photocatalytic 
activities tested. Again the toluene trace was extremely complicated and did not coincide 
with the changes in CO2 , preventing one from declaring photocatalytic degradation of the 
contaminant. When the intact Si02-Ti02 hollow spheres produced from the polystyrene 
nanosphere templates were dispersed in the PVAc film, no change in CO2 partial pressure 
occurred in clean humidified air, or contaminated air. This indicates no catalytic action of 
the film, and is due to the barrier that the outer Si0 2  shell provides between the Ti0 2  inner 
layer and the PVAc molecules. The most important experiment to note is the catalytic ac­
tivity of the Si0 2 -Ti0 2  hollow microspheres produced using the polystyrene microspheres 
as templates. When these are deposited as a powder in the intact hollow sphere form (pre­
crushing), no changes in CO2  partial pressure took place in the presence of a contaminated 
gas stream. However when these double-shell spheres were then crushed into asymmetric 
Si0 2 -Ti0 2  platelets, the CO2 trace increased upon illumination, and fell when the light 
was switched off, indicating photocatalytic breakdown of the toluene present in the gas 
stream. This is due to exposure of the Ti02 inner shell upon sphere crushing, indicating 
that Si0 2 -Ti0 2  asymmetric platelets do possess catalytic activity.
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6.2.2 Future Ideas
This experimental design allows the user to vary the vapour pressure of both water and 
toluene, and the flow rate of the gas stream. It is also not limited by the light source which 
can be exchanged, and the RGA allows one to analyse as many fragments as one chooses. 
One can also use a mixture of VOCs if one desires. The main issues with this set up were 
the fluctuations in the toluene peak. In hindsight it was realised that the concentration 
of toluene was too high for the instrument to cope with. Toluene was injected at 0.1 ml 
hr'^ (1.67 X 10"  ^ ml min"') into an air stream flowing at 250 ml m in"\ Assuming that
1.67 X 10"  ^ ml instantly vaporised each minute then one can calculate the concentration 
of toluene in ppm. Density of toluene = 0.8669 g cm"^, therefore mass of toluene injected 
each minute = 0.8669 x 1.67 x 10^  ^ = 1.45 x 10"^g min"^. The relative molecular mass 
of toluene = 92.1381 g mol"^. Therefore total number of moles = 1.45 x 10"  ^/ 92.1381 =
1.57 X 10"  ^moles min"^. Assuming that toluene is an ideal gas, one mole occupies 24.465 
L at 25°C, therefore volume injected into the air stream every minute = 1.57 x 10  ^ x 
24.465 = 3.84 x 10 L min'^ = 0.384 cm  ^min^^. This means that 0.384 cm  ^of toluene is 
injected into 250 cm  ^(250 x 10"  ^m )^ of air, leading to a concentration in parts per million 
by volume of 1536 ppmv (0.384 / 250 x 10"  ^= 1536 cm^m"  ^ = 1536 ppmv). This is an 
extremely high concentration of toluene passing through ± e  photocatalytic system every 
minute! Which could explain why no change in partial pressure occurred when the light 
was switched on and off. This would also explain why the toluene peak fluctuated so much 
throughout each experiment. Compare this concentration to that of the guideline set out 
by BS ISO 22197-3:2011 which states that the test gas should be at a level approximately 
equal to 1 ppm [13]. At this concentration a sharp and easily seen decrease in the toluene 
trace occurs when the light is switched on shown by point 2 in Figure 6.1. Here it becomes 
almost instantly stable reaching approximately 0.3 ppm, indicating 70 % of toluene is 
photocatalytically broken down. At point 3 in Figure 6.1 the light source is switched off 
and the toluene concentration inunediately rises to 1 ppm again.
If one was to carry out these experiments again, one would decrease the injection rate 
of toluene so that the levels would be adjusted to nearer that of the standard discussed 
in [13]. For example, working back through these calculations, if one was to aim for a 
toluene concentration of 1 ppmv, this would require 1 cm  ^ of toluene to be injected into 
1 m^  of air every minute. Using the same flow rate as that carried out in this work (250 
cm  ^min"  ^ = 250 x 10"^m^min"^) one would require 250 x lO'^cm^min""  ^ = 250 x 10"  ^
L of toluene to be injected into 250 cm"^ of air. Again, assuming toluene is an ideal gas 
then at 25°C, 1 mole occupies 24.465 L, therefore one can calculate the number of moles
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Figure 6.1: Photocatalysis o f 1 ppm o f toluene in a flowing gas stream over a film o f 
77O2  ^ 75^ 0 22797-^.2077 [13].
required: 250 x 10 / 24.465 = 1.02 x 10^  ^ moles. The relative molecular mass of
toluene = 92.1381 g m ol" \ therefore converting moles to mass = 1.02 x 10"  ^x 92.1831 
= 94.03 X 10"  ^ g. This can be converted to volume by dividing by the density = 94.03 x 
10"^/ 0.8669 = 108.47 x 10'^ cm  ^ = 0.0011 jUl of toluene to be injected every minute in 
to an air stream flowing at 250 ml min" ^  to achieve a toluene concentration of 1 ppmv. 
Considering in the original experiments 1.67 ;tl was injected every minute, this is just over 
1000 times higher than the required amount. Compare this to the set-up in [8], whereby 
Keshmiri gf a/, also used a syringe pump to inject toluene into a gas stream which was 
flowing at a rate of 0.72 m^  hr"^  =0.012 m^min" .^ Toluene concentrations were varied 
between 0.075 to 0.59 g m"^. Using these values one can calculate the flow rate at which 
liquid toluene was injected into the air stream. Gas flow rate passed the toluene injection 
point at 0.012 m^  every minute, this means that it took a total of 83.333 minutes for 1 m^  
to how, therefore to achieve a toluene concentration of 0.59 g m'^ one must inject 0.59
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Table 6.1: A foWne coMCfMfmtzon m ppmv m fAz.v wor/r
wf/A f/zaf p /a  .yzmz/ar gxpgnmgnf carngcf owf 6y Ægj/zmzn gf aA [8] anzf f/zaf p/f/zg 
jgf oz,f zzz BS /SO 22/97-S .20// [13].
Experiment
Toluene injection 
rate 
(cm^min^^)
Gas how rate 
(m^min"^)
Toluene
concentration
(ppmv)
This work 0.00167 0.00025 1536
Keshmiri et 
(zA [8] 0.0082 0.0012 158
BS ISO 22197- 
3:2011 [13] n/a n/a 1
g of toluene every 83.333 minutes. Therefore the flow rate of toluene injection would be 
0.59 / 83.333 = 0.0071 g min"  ^ (= 0.0082 cm^min"') into a gas stream flowing at 0.012 
m^  min“ *. Now one can convert toluene concentration to ppmv. Total number of moles 
of toluene injected every minute = 0.0071 / 92.1381 = 7.706 x 10"  ^ moles. Assuming 
toluene is an ideal gas, then 1 mole occupies 24.465 L, therefore volume of toluene = 
7.706 X 10^  ^ X 24.465 = 0.0019 L = 1.9 cm .^ Therefore 1.9 cm  ^ of toluene was injected 
every minute into 0.012 m^  air, giving a concentration in ppmv = 1.9 / 0.012 = 158.33 
cm  ^ m"  ^ = 158 ppmv. These comparisons are displayed in Table 6.1. One can see that 
in this work the final toluene concentration (1546 ppmv) is ten times higher than that of 
the highest Keshmiri et al. value (158 ppmv) [8] and 1500 times greater than that set 
out in the standard (1 ppmv) BS ISO 22197-3:2011 [13]. This resulted in a complicated 
toluene trace which did not allow the researcher to use this experimental design to its full 
capacity. Further experiments would require a slower toluene injection rate (0.00 11 pi 
min^  ^ toluene) to reduce the initial concentration to levels closer to those used in [8,13] 
(shown in Table 6.1).
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